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Dear Reader: 
 
These Standard References for Monitoring Wells, WSC-310-91, 
describe the technical requirements for locating, drilling, 
installing, sampling and decommissioning monitoring wells.  
Standard References for Monitoring Wells was developed to help 
ensure data used for environmental monitoring purposes is valid 
and can be interpreted consistently by anyone assessing 
groundwater, including Department staff, consultants, drillers 
and firms performing these assessments.   
 
Many people, from within and outside the Department, were 
involved in developing this technical document.  These References 
represent the Department's current understanding of the art of 
groundwater monitoring.  We welcome any information on innovative 
field techniques, suggestions for updates, or comments.  This 
document will be updated to reflect new information about 
emerging technologies as our resources permit. 
 
These References are one of several initiatives the Department is 
undertaking to provide clear, practical guidance for those 
affected by Massachusetts environmental regulations.  We hope 
that you find this document a valuable tool. 
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 SECTION 1.1  FOREWORD 
 
1.1-1  PURPOSE 
 
These Standard References (SRs) covering the technical aspects of locating, drilling, 
installing, sampling, and decommissioning of monitoring wells have been prepared by 
the Department of Environmental Protection (DEP) to provide guidance to employees of 
the Department, consultants, drillers, and members of the regulated community.  
Monitoring wells may be installed for a variety of reasons including observation of 
drawdown during a pumping test, determination of groundwater quality, estimation of 
hydraulic conductivity using permeability tests, determination of ground water flow 
directions and rates of flow, and monitoring impacts of various activities on the hydraulic 
head.  Some monitoring wells are installed primarily for geochemical monitoring of 
uncontaminated ground water to serve as baseline data, as well as providing 
background values against which potential impacts on ground water can be measured.  
In some cases, chemical sampling is not part of a monitoring program.  If ground water 
chemistry and contaminant characteristics are not matters of concern, then the 
monitoring well network may be designed with a minimum amount of information, 
primarily the site geology and hydrology.  An in-depth discussion of monitoring well 
network design can be found in Section 4.1 of these Standard References.   
 
The impetus for writing these SRs came from frequent observations of improperly sited, 
improperly constructed, and improperly sampled monitoring wells.  Such wells do not 
produce valid data for environmental monitoring purposes.  In order to improve the 
quality of the data collection and of the Department's interpretation of environmental 
monitoring reports, the writing of these SRs was undertaken.   
 
1.1-2  ORDER OF PRESENTATION 
 
This introductory section contains the full Table of Contents (Section 1.2) and Definitions 
(Section 1.3).  The sections and subsections in the Table of Contents have been 
assembled in the order in which one typically proceeds when undertaking a 
hydrogeologic investigation:  from site reconnaissance to drilling, to well installation, to 
ground water sampling.  Geophysical techniques, which may be employed during any 
phase of a site assessment, can be found in a separate section at the end of the 
document.   
 
It was the authors' decision that each section should be able to stand alone as a 
reference on a given topic.  For that reason, the user will find that this document 
contains some deliberate redundancies.  Cross-references are provided to other 
sections where a similar subject is discussed.   
 
Most subsections started from a predetermined format:  Purpose, Methodology, 
Problems and Solutions, and References.  For editorial simplicity, the figures and tables 
for each section follow the text rather than being inserted into it.  The section on Purpose 
is designed to present a set of standards to be achieved (i.e., performance standards).  
The section on Methodology contains some examples of current, acceptable methods 
for attaining these standards.  The methodology does not attempt to be all-
encompassing; it seeks to be illustrative.  Other techniques which achieve an equivalent 
degree of compliance with the standard should be equally acceptable.   
 
Each subsection has been assigned its own unique number.  Each page within a 
subsection contains the subsection number, page number, and date.  It is anticipated 
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that this document will be expanded and updated in the future by the addition of new 
subsection pages with new dates.  The figures and tables all carry the subsection 
designation number plus a figure or table number.  They also display a consecutive page 
number.  Perhaps an example will clarify this point:  the second figure in Section 7.1 
would be numbered Figure 7.1-2; the page number might be 24, and the date January 
1991.   
 
A loose-leaf format has been chosen to facilitate updating these SRs.  The old page 
should be removed and discarded.  The new insert should replace it.  It is anticipated 
that this system may require the use of pages with suffixes such as 4(a), 4(b), etc., so 
that the original pagination will not be affected.   
 
1.1-3  DEPARTMENTAL USE OF STANDARD REFERENCES 
 
1.1-3.1  Statement by Division of Water Pollution Control (DWPC) 
 
These SRs can serve as a general reference for hydrogeologic investigation techniques.  
For more specific guidance on submitting hydrogeologic reports, siting discharge points, 
and designing monitoring well networks in connection with ground water discharge 
permits, the reader is directed to the following:   
 
• DWPC Policy Memorandum #GW88-1, "Guidelines for siting disposal areas for 
wastewater treatment plants," 12/1/88.   
 
• DWPC Policy Memorandum #GW88-2, "Monitoring well plan guidelines," 12/1/88.   
 
• "Guidelines for the design, location, operation and maintenance of small sewage 
treatment plant facilities with land disposal," second draft, January 1988.   
 
Information concerning these publications or other Divisional policies and issues is 
available from the Ground Water Section at the Division's Boston Office, 1 Winter Street, 
Boston, MA  02108.   
 
1.1-3.2  Statement by Division of Water Supply (DWS) 
 
Several programs administered by the Division of Water Supply may utilize observation 
wells or monitoring wells as a means of obtaining information related to the quantity 
and/or quality of drinking water supplies within the State.  These programs include, but 
are not limited to, Aquifer Land Acquisition, New Source Approval, Water Management 
Act Permitting, and Water Supply Contamination Correction.  For such programs, the 
Standard References are applicable as general guidance.   
 
To obtain information regarding specific policies and guidance documents, contact the 
Division of Water Supply at the Department's Boston office.   
 
1.1-3.3  Statement by Division of Hazardous Waste (DHW) 
 
In 1979, Massachusetts enacted M.G.L. c. 21C, the Hazardous Waste Management Act.  
This act was intended to be equivalent to Subtitle C of the Resource Conservation and 
Recovery Act (RCRA) passed by the United States Congress in 1976.  In 1982, the DEP 
promulgated regulations (310 CMR 30.000) to enforce the M.G.L. c. 21C statute.  This 
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enabled the state to obtain from EPA authorization to implement the RCRA hazardous 
waste management program in the state. 
   
Ground water protection is a key component of RCRA and M.G.L. c. 21C.  Under 
310 CMR 30.000, ground water monitoring is required at all hazardous waste disposal 
facilities and may be required at treatment and storage facilities, if there is a threat to the 
environment.  Ground water monitoring, according to the regulations, can be broken 
down into two main components:   
 
• Detection monitoring (i.e., detecting a release) 
 
• Compliance monitoring (i.e., assessment and corrective action)   
 
The ground water monitoring requirements of 310 CMR 30.663 are equivalent to the 
federal RCRA requirements of 40 CFR Part 264, Subpart F.  Guidance is available from 
the U.S. EPA on implementing both detection and compliance monitoring programs 
under 40 CFR Part 264, Subpart F.  The RCRA Ground Water Monitoring Technical 
Enforcement Guidance Document (TEGD, 1986) discusses site characterization, data 
collection, well construction, and well system design for detecting a release and 
assessing the rate and extent of its migration.   
 
The RCRA Corrective Action Plan (June 1988) guidance document published by EPA 
provides a technical framework for implementing a Compliance monitoring program at 
RCRA-permitted facilities where a release has occurred.  It consists of three phases:   
 
 (1) RFI - RCRA Facility Investigation (i.e., assessment; data gathering) 
 
 (2) CMS - Corrective Measures Study (i.e., selection of remediation 
alternatives) 
 
 (3) CMI - Corrective Measures Implementation (i.e., implementation of the 
preferred alternative) 
 
The RCRA Corrective Action Interim Measures Guidance (June 1988) supplements the 
Corrective Action Plan.   
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 EPA REFERENCES 
 
RCRA Ground Water Monitoring Technical Enforcement Guidance Document Final; 
EPA/OWPE; September 1986.   
 
RCRA Corrective Action Plan; Interim Final; EPA/530 SW-88-029, June 1988.  
  
RCRA Corrective Action Interim Measures Guidance, Interim Final; EPA/530-SW-88-
029; June 1988.   
 
1.1-3.4  Statement by Bureau of Waste Site Cleanup (BWSC) 
 
The Bureau of Waste Site Cleanup is responsible for overseeing the assessment and 
remediation at oil and hazardous material disposal sites.  Subsurface exploration is an 
integral component of such site assessments and for the evaluation of remedial actions.   
 
1.1-3.4.1  The Massachusetts Contingency Plan (310 CMR 40.000) 
 
In site assessment investigations involving disposal sites, the Massachusetts 
Contingency Plan (MCP) requires that assessments be performed in phases, 
incorporating an increasing degree of complexity in each phase as more information is 
collected and analyzed about the specific site condition.  It describes the following 
investigative phases at a site where hazardous materials may be the constituents of 
concern to public health and the environment:   
 
• Preliminary Assessment (see MCP 40.541).   
 
• Phase I - Limited Site Investigation (see MCP 40.543).   
 
• Phase II - Comprehensive Site Assessment (see MCP 40.545).   
 
• Phase III - Development of Remedial Response Alternatives and the Final 
Remedial Response Plan (see MCP 40.546).   
 
• Phase IV - Implementation of the Approved Remedial Response Alternative (see 
MCP 40.547).   
 
• Phase V - Reserved (see MCP 40.548).   
 
1.1-3.4.2  Long-term Monitoring 
 
It is quite probable that long-term monitoring will be required following the termination of 
remedial actions or upon the closure of a treatment or disposal facility that might have 
had an adverse effect upon ground water.  Monitoring wells will be needed to detect 
changes in contaminant levels at a site.  It is important that both the site hydrogeology 
and the contaminant chemistry be understood so that the monitoring well network is 
effective.  For some long-term monitoring, where not all of the preliminary steps have 
been undertaken, it is important that the monitoring wells are installed properly an that 
the appropriate construction materials are used. 
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1.1-4  REVISION AND SUGGESTIONS 
 
This document represents Department of Environmental Protection's current 
understanding of the art of ground water monitoring.  These References will be 
periodically reviewed by the DEP, and as new techniques are developed and new theo-
ries proposed, they will be updated in the light of emerging technologies and revised as 
appropriate.   
 
The agency invites comments and suggestions related to format, usefulness, and 
substance.  Information on innovative field techniques and suggested updates may be 
submitted at any time.  This information should be sent to:   
 
  Department of Environmental Protection 
  Bureau of Waste Site Cleanup; Policy Branch 
  One Winter Street, 7th Floor 
  Boston, MA  02108 
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SECTION 1.3  DEFINITIONS 
 
 
Abandoned well - a well whose use has been permanently discontinued; as used in these 
References it includes a monitoring well, piezometer, or observation well that is no longer 
suitable for use either for water-level measurements or water quality sampling.   
 
Annular space - see Annulus.   
 
Annulus - the open space between the exterior or the outermost well casing and/or well 
screen and the wall of the drilled hole, or the space between two or more concentric 
casings; also, Annular space.  
 
Aquifer - a geologic formation, group of formations, or part of a formation (consolidated or 
unconsolidated) that contains sufficient saturated permeable material to yield significant 
quantities of water to wells or springs.   
 
Aquifer, artesian - see Aquifer, confined.   
 
Aquifer, confined - an aquifer saturated with water and bounded above and below by 
material having a distinctly lower hydraulic conductivity than the aquifer itself.   
 
Aquifer, unconfined - an aquifer partially saturated with water that has no upper confining 
layer and where the water table is free to rise and fall.   
 
Aquifer test - a test involving the withdrawal or addition of measured quantities of water 
from or to a well and the measurement of resulting changes in head in the aquifer, both 
during and after the period of withdrawal or addition.  These tests include pumping tests 
and in-situ permeability tests.   
 
Area of diversion - see Contributing area.   
 
Area of influence - the land that directly overlies and has the same horizontal extent as the 
part of the water table or other potentiometric surface that is perceptibly lowered or raised 
by the withdrawal or addition of water.  Under pumping conditions, the water in a fully 
penetrating well ideally flows in from all directions, forming an imaginary cylinder centered 
about the well and extending throughout the aquifer thickness.  This flow pattern applies to 
both confined and unconfined aquifers.  The area of influence, however, is rarely circular 
in plan view.  The size and shape of the area of influence is affected by the slope of the 
pre-pumping water table or potentiometric surface, by the pumping rate, and by the 
hydraulic conductivity of the aquifer.   
 
Artesian - synonymous with Confined.   
 
Bentonite - a naturally occurring highly plastic, expansive clay.  It is composed largely of 
the mineral sodium montmorillonite.   
 
Bit - a cutting tool attached to the bottom of the drill stem.   
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Bridge - an obstruction in the drill hole or annulus, usually formed by caving of the wall of 
the well bore, by the intrusion of a large boulder, or by improperly placed seals or filter 
pack materials during well installation.  Bridging can also occur in the formation during well 
development.   
 
Capillary fringe - the zone immediately above the water table where the pressure is less 
than atmospheric and where all or some of the pore spaces are filled with water.   
 
Capture - the combination of artificially decreasing or increasing water derived from an 
aquifer that results in a decrease from an aquifer that results in a decrease in the storage 
of that aquifer.   
 
Capture zone - see Zone of contribution. 
 
Casing - an impervious durable pipe, generally of plastic or metal, installed in a borehole 
to maintain an opening for the well and to prevent the borehole walls from caving in and 
closing off the well.  Casing may be either temporary or permanent.   
 
Casing, inner - any of the casing rings installed within the outermost casing where casing 
has been installed as a series of concentric rings.   
 
Casing, outer - the outermost ring adjacent to the borehole wall where casing has been 
installed as a series of concentric rings.   
 
Cone of depression - the geometric solid that fills the space between the position of the 
water table or other potentiometric surface after a well has begun discharging and the 
hypothetical position that the water table or other potentiometric surface would have had if 
there had been no discharge by the well.  For a given aquifer, the cone of depression 
increases in depth and extent with increasing time until a steady state condition is 
reached.   
 
Confined aquifer - see Aquifer, confined.   
 
Confining bed - a body of material stratigraphically adjacent to one or more aquifers that 
has a distinctly lower hydraulic conductivity than the aquifer material.   
 
Contributing area - the land area that has the same horizontal extent as that part of an 
aquifer, or adjacent areas, from which ground water flow is diverted to the pumping well.  
The contributing area for a pumping well can be visualized as a two-dimensional area on 
the land surface.  The contributing area and area of influence are not necessarily identical; 
these areas can be the same only under the hypothetical circumstances where the pre-
pumping water table is perfectly flat and all aquifer properties are uniform within the area 
of influence.  When the pre-pumping water table has a hydraulic gradient, as it does under 
most natural conditions, the contributing area to the well will be distorted to extend to a 
greater distance on the upgradient side and to a lesser distance on the downgradient side; 
also, Area of diversion.   
 
Section 1.3 
Page 3 
January 1991 
Decommission - to plug an abandoned well so that it will not serve as a conduit for 
movement of water to or from the well or between water-bearing zones; often preceded by 
cleaning a well, ripping or removing well casing if necessary and/or practical.  See plug, 
plugging 
 
Department - the Massachusetts Department of Environmental Protection (DEP).   
 
Development - see Well development.   
 
Dig-Safe - a company set up by gas and electric utilities that should be contacted to 
determine the location of underground utilities in public right-of-way (in MA:  1-800-322-
4844, in ME, NH, VT:  1-800-225-4977).  Dig-safe requires at least three days notice and 
may or may not trace lines across private property. 
 
Drawdown - the effect of lowering a water table or other potentiometric surface a vertical 
distance with respect to its initial position; it is caused by pumping water from an aquifer.   
 
Drilling fluid - a water- or air-based fluid used in the well drilling operation to remove 
cuttings from the hole, clean and cool the bit, reduce friction between the drill string and 
the sides of the hole, or seal the sides of an uncased borehole.   
 
Filter pack - the smooth, uniform, silt-free, well-rounded, and usually siliceous sand or 
gravel placed in the annulus of a well between the borehole wall and the well screen or 
intake zone in order to facilitate flow toward the well intake and to prevent formation 
material from entering or clogging the screen; also, Gravel pack or Formation stabilizer.  
 
Formation - a unit of consolidated or unconsolidated material that has distinct lithological 
characteristics. 
 
Formation stabilizer - see Filter pack.   
 
Gravel pack - see Filter pack.   
 
Ground water - water occurring beneath the ground surface in the saturated zone.   
 
Ground water divide - a hypothetical vertical boundary across which ground water flow 
does not occur; ground water gradients on both sides of the boundary result in ground 
water flow away from the divide.   
 
Ground water contour - a line connecting points of equal hydraulic head, based on the 
elevation of the water surface in wells screened at approximately the same elevation 
(mean sea level) with screens approximately the same length.   
 
Grout - a thick fluid mixture of neat cement and water of a consistency that can be forced 
through a pipe and placed at a required depth or zone in a monitoring well.  Various 
additives, such as sand, bentonite, and hydrated lime, may be in the mixture to meet 
certain requirements.   
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Grouting - the operation by which grout is placed as a permanent seal between the outer 
casing and the sides of the borehole or in the openings between concentric rings of inner 
casing or in the opening between an inner and outer casing; also, as used in these 
References, the act of sealing, or plugging, a decommissioned monitoring well, 
observation well, or piezometer.   
 
Head, hydraulic (h) - the height above a standard datum of the surface of a column of 
water that can be supported by the static pressure at a given point.  The hydraulic head is 
the sum of the elevation head (he) and the pressure head (hp); that is, h = he + hp.  Head, 
when used alone, is understood to mean hydraulic head.  The head is proportional to the 
fluid potential; therefore the head is a measure of the potential.  Head has the units of 
length.   
 
Hydraulic conductivity (K) - the rate at which a homogeneous fluid at the existing kinematic 
viscosity will move in a unit of time under a unit hydraulic gradient through a unit area 
measured at right angles to the direction of flow through an isotropic, porous medium.  
Hydraulic conductivity has the units of length/time (L/T).   
 
Hydraulic gradient - the change in hydraulic head per unit of distance in a given direction.  
It provides the driving force for groundwater movement and it has horizontal and vertical 
components.  If not specified, the direction generally is understood to be that of the 
maximum rate of decrease in head.  Hydraulic gradient has the units of length/length (L/L).  
It is estimated by taking the difference between two points (along the flow path) and 
dividing by the distance between the points. 
 
Infiltration - the flow of water or other fluids downward from the ground surface through the 
unsaturated zone.   
 
Monitoring well - see Well, monitoring.   
 
Observation well - see Well, observation.   
 
Organic vapor analyzer - a portable instrument designed to determine the presence and 
relative concentration of volatile organic vapors.  Common detection methods include 
photoionization (PID) and flame ionization (FID).  NOTE:  The use of this terminology 
refers to a generic class of portable instrumentation and should not be construed as an 
endorsement of specific brands or trade names of equipment.   
 
Overburden - the unconsolidated material overlying bedrock, such as clay, silt, sand and 
gravel, either transported or formed in place.  Overburden can be either native, imported 
fill, or material that has been reworked in place; also, Unconsolidated formation.   
 
Phreatic zone - see Zone, saturated.   
 
Permeability (intrinsic permeability) (k) - a measure of the relative ease with which a 
porous medium can transmit a liquid under a potential gradient.  It is a property of the 
medium alone that is dependent upon the size and shape of its pores and is independent 
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of the nature of the liquid and of the force field causing movement.  Permeability has the 
units of length squared (L).   
 
Piezometer - a small-diameter well designed to measure the hydraulic head (water level 
elevation) at a specific point in the saturated zone beneath the ground surface.  A 
piezometer has a short screen that is positioned entirely within the saturated zone of an 
unconfined or confined aquifer.   
 
Plug, plugging - the proper closure of an abandoned well or boring by procedures that will 
permanently seal the well from the aquifer and from contamination by surface drainage; 
where the well penetrates multiple or confined aquifers, it will permanently seal off and 
prevent flow between aquifers.   
 
Pollution - alteration of the chemical, physical, biological, or radiological integrity of the 
environment.   
 
Porosity (n) - the ratio of the volume of total void space to the total volume of a rock or 
unconsolidated deposit.  It may be expressed as a decimal fraction or as a percentage. 
The units of porosity are dimensionless.   
 
Porosity, effective (ne) - the amount of interconnected pore space available for fluid 
transmission in a rock or unconsolidated deposit, expressed as a percentage of the total 
volume occupied by the interconnecting interstices.  When used alone in this document, 
porosity refers to effective porosity.   
 
Potentiometric surface - as used in this document, a hypothetical surface representing the 
hydraulic head of ground water in either a confined or an unconfined aquifer at a particular 
elevation in the aquifer; synonymous with piezometric surface. 
   
Private water supply well - see Well, domestic water.   
 
Pump test (pumping test) - a test conducted to determine aquifer or well characteristics 
and properties; see Aquifer test.   
 
Quick condition - a condition of soil in which an increase in pore-water pressure decreases 
particle-to-particle attraction and reduces significantly the soil's shear strength; also, 
Liquefaction.   
 
Radius of influence - the horizontal distance between a pumping well and the outer limit of 
the cone of depression.   
 
Refusal - a condition that occurs when drilling or excavating equipment is unable to 
penetrate the ground a substantial distance in a reasonable period of time.  In glaciated 
regions, unless there is supporting visual or geophysical evidence, it is often difficult to 
determine whether refusal has taken place at the bedrock interface or at a glacial erratic.  
Refusal is dependent upon the size and strength of the equipment used.   
 
Saturated zone - see Zone, saturated.   
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Screen - see Well Screen 
 
Seal, annular - the watertight materials placed in the drill hole between an outer casing 
and the borehole wall, between an inner casing and an outer casing, or between two or 
more inner casings, to prevent the inflow and movement of surface water or ground water 
into the annulus, or to prevent the outflow or movement of water under artesian or 
hydrostatic pressures through the annulus.   
 
Seal, divider - a layer of bentonite or other impervious material placed on top of the filter 
pack and below the annular seal.   
 
Seal, surface - the materials placed in the top four feet of the annular space that are 
designed to prevent the infiltration of surface water into the annular space.  If an above-
ground protective casing is installed, the surface seal is mounded at the land surface to 
conduct surface water runoff away from the well.   
 
Sieve analysis - the determination of the dry particle-size distribution of a soil, sediment, or 
rock by measuring the percentage (by weight) of the particles that will pass through or be 
retained on standard sieves with openings of various sizes.   
 
Specific discharge (q) - the rate of discharge of ground water per unit area measured at 
right angles to the direction of flow.  Specific discharge has the dimensions of velocity 
(L/T), as follows:   
 
     q =    Q  
              A 
 
where Q equals total discharge, or total flux, through area A.  Specific discharge is a 
precise term and is preferred to terms involving "velocity" because of possible confusion 
with actual fluid velocity through the pore space. 
 
Specific Retention - is the ratio of the volume of water which the rock or soil, after being 
saturated, will retain against the pull of gravity to the volume of the rock or soil. 
 
Specific yield (Sy) - a change in storage per unit area of unconfined aquifer as the result of 
a unit change in head.  It is equal to porosity minus specific retention.  The units of specific 
yield are dimensionless.   
 
Static water level - the level of water in a well that is not being influenced by the addition or 
withdrawal of water into the aquifer.   
 
Storage coefficient (S) - the volume of water an aquifer releases from or takes into storage 
per unit surface area of the aquifer per unit change in head.  In a confined water body, the 
water derived from storage with decline in head comes from expansion of the water and 
compression of the aquifer; similarly, water added to storage with a rise in head is 
accommodated partly by compression of the water and partly by expansion of the aquifer.  
In an unconfined water body, the amount of water derived from or added to the aquifer by 
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the processes of expansion and contraction is negligible compared to that involved in 
gravity drainage or filling of pores; hence, in an unconfined water body, the storage 
coefficient is virtually equal to the specific yield.   
 
Test hole - a drilled borehole used solely for geotechnical or geological purposes; also, 
Test boring.   
 
Test pit - any excavation made with a shovel or a backhoe for the purpose of visually 
examining the characteristics of subsurface formations; due to the large volume of 
disturbed soil in a test pit, it should not be used as a location for a monitoring well.   
 
Transmissivity (T) - the rate at which water of the prevailing kinematic viscosity is 
transmitted through a unit width of the aquifer under a unit hydraulic gradient.  It is equal to 
an integration of the hydraulic conductivities across the saturated part of the aquifer 
perpendicular to the flow paths. The units of transmissivity are length squared divided by 
time (L/T).   
 
Tremie pipe - a device, usually a small diameter pipe, that carries grout, bentonite pellets 
or gravel pack materials to the bottom of a borehole and allows pressure grouting or gravel 
packing from the bottom up without introduction of appreciable air pockets or bridging.    
 
Uncased test hole - a test hole from which casing has been removed or in which casing 
has not been installed.   
 
Unconfined aquifer - see Aquifer, unconfined.   
 
Unconsolidated formation - the unlithified geologic materials or deposits such as sand, 
gravel, clay, and till overlying bedrock, either transported or formed in place; also, 
Overburden.   
 
Unsaturated zone - see Zone, unsaturated.   
 
Vadose zone - see Zone, unsaturated.   
 
Velocity, average interstitial - (Av. vi) - the average volume rate of flow of a fluid through 
the pore spaces.  Average interstitial velocity has the units of length/time (L/T).   
 
Water table - the upper surface of an unconfined aquifer at atmospheric pressure.  It is 
defined by the levels at which water stands in wells that penetrate the saturated zone just 
far enough to hold standing water.  In wells which penetrate to greater depths, the water 
level will stand above or below the water table if an upward or downward component of 
ground water flow exists; also, Potentiometric surface.   
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Water table aquifer - see Aquifer, unconfined.   
 
Well - a hole drilled or driven into the ground, capable of withdrawing water from the 
aquifer (1) to provide water for human consumption or other beneficial uses, (2) to obtain 
geologic information about an aquifer, (3) to monitor the quality or quantity of water, (4) to 
obtain ground water samples, or (5) to utilize the geothermal properties of earth 
formations.   
 
Well, abandoned - see Abandoned well.   
 
Well, artesian - a well deriving its water from a confined aquifer.  The water level in the well 
stands above the top of the confined aquifer it taps.  This term applies to both flowing and 
non-flowing wells.  (In this document the term is not given a second meaning, used by well 
drillers, referring to any well terminating in bedrock.)   
 
Well, dewatering - a well constructed for the purpose of lowering the ground water surface, 
either temporarily or permanently.   
 
Well, domestic water - a water well providing water for human use from other than a public 
water supply system; a well for the watering of livestock, poultry, farm and domestic 
animals used in operating a farm; a well for the irrigation of small gardens or farms.   
 
Well, monitoring - a cased well installed for the purpose of obtaining representative 
samples of ground water for water quality analysis, monitoring for the possible presence of 
contaminants, or taking water level measurements.   
 
Well, observation - a cased well installed for the purpose of monitoring water levels.   
 
Well, open hole - a well formed by drilling a hole into consolidated rock formations, such 
as granite or sandstone, and finished with no casing or screen opposite the water-yielding 
portion of the aquifer.   
 
Well, public water supply - a well that is part of a system for the provision to the public of 
piped water for human consumption, that has at least fifteen (15) service connections or 
regularly serves an average of at least twenty-five (25) individuals daily at least sixty (60) 
days of the year (310 CMR 22.00). 
 
Well, recovery - a well designed to control and hydraulically capture separate phase 
liquids or ground water containing dissolved contaminants.   
 
Well development - the act of mitigating the effects of alteration to the geologic formation 
caused by drilling and well installation procedures (e.g., smearing or skim coating the 
borehole walls, bridging of the natural formation or filter pack, or introduction of water or 
other fluids not originally derived from the aquifer being developed), and increasing the 
porosity and permeability of the materials surrounding the intake portion of the monitoring 
well to ensure hydraulic communication with the aquifer.   
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Well driller - a person engaged in the business of drilling or driving wells; said driller must 
be currently registered with the Water Resources Division, Department of Environmental 
Management, Executive Office of Environmental Affairs, Commonwealth of 
Massachusetts.   
 
Well operator - a person who undertakes to maintain, use, and/or monitor a well; the term 
describes a person who does not own the land on which a specific well has been installed.   
 
Well owner - a person who owns the land used for any purpose on which a well has been 
installed.  The well owner is responsible for maintaining the well in good condition and 
decommissioning it when it is no longer used (i.e., becomes an abandoned well).  A well 
owner may also be the well operator of a different or another well located on land that he 
does not own. 
 
Well point - a well screen device, equipped with a point at one end, that is meant to be 
driven into the ground until it reaches the saturated zone.  
  
Well screen - the intake section of a well that obtains water from an aquifer and serves as 
a filtering device to keep sediment from entering a water well.   
 
Zone, saturated - that part of the water-bearing material in which ideally all voids, large 
and small, are filled with water under pressure greater than atmospheric; also, Phreatic 
zone.   
 
Zone, unsaturated - the zone between the land surface and the water table.  It includes the 
capillary fringe.  Characteristically, this zone contains liquid water under less than 
atmospheric pressure, and water vapor and air or other gases generally at atmospheric 
pressure.  Perched water bodies may exist within the unsaturated zone; also, Vadose 
zone and Zone of aeration.   
 
Zone I - the protective radius required around a public water supply well or wellfield 
(310 CMR 22.00).   
 
Zone II - that area of an aquifer which contributes water to a well under the most severe 
pumping and recharge conditions that can be realistically anticipated (180 days of 
pumping at safe yield, with no recharge from precipitation).  It is bounded by the ground 
water divides that result from pumping the well, and by the contact of the aquifer with less 
permeable materials such as till or bedrock.  In some cases streams or lakes may act as 
recharge boundaries.  In all cases, Zone II shall extend upgradient to its point of 
intersection with prevailing hydrogeological boundaries (a groundwater flow divide, a 
contact with till or bedrock, or a recharge boundary) (310 CMR 22.00).   
 
Zone III - that land area beyond the area of Zone II from which surface water and ground 
water drain into Zone II.  The surface water drainage divides as determined by topography 
will be used to delineate Zone II.  In some locations, where surface and ground water are 
not coincident, Zone III shall consist of both the surface drainage and the ground water 
drainage areas (310 CMR 22.00).   
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Zone of contribution - the three-dimensional volumetric portion of an aquifer from which 
ground water flow is diverted to a pumping well; also, Capture zone and Zone of diversion.   
 
Zone of diversion - see Zone of contribution.  
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SECTION 2.1 
RECONNAISSANCE SURVEYS 
 
 
2.1-1  PURPOSE 
 
Reconnaissance surveys are carried out for a number of environmental reasons:   
 
o To assess the suitability of the ground water or surface water at a site as a source 
of water supply for human consumption, fighting fires, non-contact cooling or other 
industrial process water, irrigation or other agricultural purposes.   
 
o To assess the suitability of a site for the storage, treatment or disposal of solid 
waste, sludges, or hazardous materials.   
 
o To assess the impact of an existing or proposed development upon a wetland area 
or a marine estuary.   
 
o To determine whether or not contamination of air, soil, ground water or surface 
water at the site is attributable to past or present waste disposal practices.   
 
o To determine whether or not a site is located within the Aquifer Protection Zone 
(Zone II) of a public water supply.  
 
o To determine the natural quality of ground water as a baseline reference in case of 
future contamination problems.   
 
The purpose of a reconnaissance survey is to collect and synthesize the available 
historical, environmental, physical, and chemical information about a location to be studied 
prior to undertaking an exploratory field program.  A thorough survey can usually develop 
a useful amount of information about a site, including:  its geology, ground water and 
surface water hydrology, drainage patterns, topography, past and present land use, 
location of underground and aboveground utilities, buildings, and storage areas.  
Collection of this information can identify data gaps and assist in the development of a 
cost-effective field program.   
 
On-site subsurface investigations using test pits, boreholes or monitoring wells generally 
are not part of a site reconnaissance program.  However, if the results of previous 
sampling efforts are available, they should be utilized.  All of this information can assist in 
the development of a more focused investigation at the start of an exploratory field 
program, potentially eliminating duplication of effort and identifying specific problem areas.   
 
At locations where contamination is suspected or known to be present, the 
reconnaissance survey should be carried out in such a way that there is minimal risk of 
exposure to the personnel conducting the investigation.  A preliminary Health and Safety 
Plan should be prepared which emphasizes the importance of precautionary and 
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preventative measures.  Most of the investigation should be conducted off-site or in the 
areas where the risk of exposure is minimal.  A good health and safety training program 
should distinguish between the low-risk nature of a reconnaissance investigation and the 
higher-risk nature of a full-scale program of exploration with drill rigs, monitoring wells 
and collection of environmental samples (see Section 2.3).   
 
Under the Massachusetts Contingency Plan (310 CMR 40.000), two types of 
reconnaissance investigations are listed:  a Preliminary Assessment (Sec. 40.541) and a 
Phase I - Limited Site Investigation and Report (Sec. 40.543).  A Preliminary Assessment 
is described as an initial evaluation to determine whether or not the location is a disposal 
site, whether a short-term measure is necessary, and whether further remedial response is 
necessary.  It includes researching and assembling existing data and conducting at least 
one reconnaissance visit.  A Phase I - Limited Site Investigation and Report is intended to 
confirm whether or not the location is a disposal site, if this was not established in the 
Preliminary Assessment.  If it is a disposal site, the report must provide information 
necessary for DEP to classify the site as a priority or a non-priority disposal site.  The 
Phase I - Limited Site Investigation Report, therefore, must include a detailed history and 
description of the location.  Site characterization of waste sources is expected to be 
investigated using field screening techniques, geophysical methods, and field sampling of 
various media and subsequent laboratory analysis.   
 
Depending on the scope of the project, a reconnaissance survey may involve some or all 
of the following elements:   
 
o A field visit to the site to confirm or refine the preliminary map(s); to familiarize the 
project team with the site conditions, including topography, drainage, and 
vegetation; to evaluate site access; to locate overhead and underground utilities; to 
determine if land use activities have changed; and to evaluate other factors that 
might affect the field program.  
 
o Literature search of available data on the geology, hydrology, historical land-use, 
and information obtained during previous investigations.   
 
o Terrain analysis based on a review of topographic maps, aerial photos, and, if 
possible, remotely-sensed imagery.   
 
o Construction of a preliminary base map for the site and/or the region.   
 
o Compilation of available geologic, topographic, and hydrologic data onto the base 
map(s).   
 
o Assessment of on-site hazards for development of a site specific Health and Safety 
Plan, if necessary.   
 
o Field observation of on-site and adjacent industrial processes, and/or hazardous 
material use, storage, treatment, or disposal.   
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o Development of a field investigation program based on the observed and 
anticipated hydrogeologic conditions and other site-specific factors.   
 
Figure 2.1-1 is a flow chart of the elements of a reconnaissance investigation.   
 
2.1-2  METHODOLOGY 
 
2.1-2.1  Literature Search 
 
A literature search involves identifying available published information for a specific area, 
including maps, reports, and theses.  There are numerous sources of information, 
including the United States Geological Survey (U.S.G.S.), state agencies, local agencies, 
universities, and public libraries.  At the present time, there is no central statewide 
repository in the Commonwealth of Massachusetts for information on 21E site 
assessments, RCRA permits, NPDES discharge permits, ground water discharge permits, 
and other regulated activities.  Consequently, the investigator may have to seek out 
several different sources of information to compile a comprehensive database on a 
specific project.  Information that may be useful for a reconnaissance investigation 
includes topographic, geologic, and hydrologic data; aerial photos; data from geotechnical 
projects; bridge borings; permits for former or existing activities; previous investigations; 
and historical land use.  Potential sources for much of this information are presented 
below.  Figure 2.1-2 is a flow chart depicting the present organizational structure of the 
Massachusetts' DEP, which may be helpful in identifying where certain files, records and 
information may be located within the department.   
 
Information can be obtained from the following sources: 
 
2.1-2.1.1  Published Bibliographies.   
 
 (a)  Annotated  Groundwater  Bibliography  Covering  the 
 Northeast 
  
 Published in 1982 by the Massachusetts Audubon Society, Lincoln, 
Massachusetts.  References on general and technical ground water issues, 
including books, reports, journals, technical articles, and conference proceedings.   
 
 (b) Massachusetts Hydrologic Matrix 
 
 Published in 1982 by the Massachusetts Department of Environmental Quality 
Engineering, (now DEP), Division of Water Supply, Boston, Massachusetts.  
Summarizes many sources of information available from the U.S.G.S. on 
subsurface geology and hydrogeology in Massachusetts.  Includes geologic 
quadrangle maps, project bulletins, and miscellaneous investigations.  Also 
contains some references to municipal, industrial, and academic reports on 
aquifers.  
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2.1-2.1.2  Geologic Maps.  
 
Geologic maps of interest in reconnaissance investigations include surficial soils, bedrock 
maps, and hydrologic atlases.  Geologic maps depict, in plan view, contacts between the 
surface exposures of various soil deposits or rock formations.  The scale, detail, and 
accuracy of geologic maps will vary depending on the intensity of the field investigation 
and the amount of exposure.  Geologic maps are available in a wide range of scales.  
Table 2.1-1 is a guide to common map scales and related information.  Tables 2.1-4 and 
2.1-6 contain a list of sources of information that may be used in compiling geologic maps; 
Table 2.1-7 contains a list of Geoscience Agencies for 50 states and the territory of Puerto 
Rico.   
 
 (a) Bedrock Geologic Maps 
 
 Bedrock maps contain information on rock types, ages, and structural features 
such as faults, joints, and foliation.  Bedrock maps are available from several 
sources including the U.S.G.S., graduate theses, and miscellaneous publications 
available at university and public libraries.  A map of the bedrock geology of the 
Commonwealth of Massachusetts, at a scale of 1:250,000, has been published by 
the U.S.G.S.  Additionally, U.S.G.S. has published maps of the bedrock geology of 
numerous quadrangles in Massachusetts.   
 
 (b) Surficial Geologic Maps 
 
 Surficial geologic maps show the distribution of unconsolidated materials on the 
ground surface.  Surficial maps depict the types of soil materials, as well as 
directions of glacial movement, locations of borrow pits, and areas where bedrock 
is exposed or located within approximately 10 feet of the ground surface.  The 
mapped soil units may include outwash deposits, glacial till, marine clays, organic 
deposits, and man-made fills. An official, regional surficial map for Massachusetts 
is not presently available, but surficial geologic maps of numerous quadrangles in 
Massachusetts have been completed by the U.S.G.S.  As with bedrock maps, 
additional sources of information include graduate theses and miscellaneous 
publications available at local universities and public libraries.   
 
2.1-2.1.3  Hydrologic Information.   
 
 (a) U.S.G.S. Hydrologic Atlases and Basic Data Reports 
 
 The Water Resources Division of the U.S.G.S. has published a series of atlases for 
most of the major river basins in Massachusetts.  These reports present 
information on the surface and ground water resources in the basin.  The 
Hydrologic Atlas includes information on the following items: 
 
o Basin boundaries 
o Precipitation 
o Ground water levels 
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o Basic data well locations 
o Location of low, moderate, and high yield zones in surficial aquifers 
 
 (b) DEP Water Supply Protection Atlas 
  
 A water supply protection atlas has been compiled by DEP's Division of Water Supply.  
The atlas consists of a series of four acetate overlays to be used with the 
1:25,000-scale U.S.G.S. topographic quadrangle maps.  The overlays 
depict the following information: 
 
o Public water supplies: ground water and surface water sources  
 
o Aquifer information: location and characterization of yield of known aquifers 
 
o Drainage divides:  major rivers and sub-basins 
 
o Waste sources: surface impoundments, landfills, auto junkyards, road salt 
storage areas, and NPDES discharge locations.   
 
 (c) Zone of Contribution (Zone II), as Defined by DEP 
  
 As these zones of contribution are officially mapped and approved, they will 
provide significant information about the protected area of contribution around a 
public water supply.   
 
2.1-2.1.4  Other Sources of Information 
 
 (a) Soil Conservation Service (SCS) Soil Surveys 
 
 Some consultants attempt to use SCS information in environmental assessments.  
However, in the opinion of the Department, the SCS classification system is not 
suitable for use in hydrogeologic studies.   Soil survey maps produced by the Soil 
Conservation Service of the U.S. Department of Agriculture are generally plotted 
on an aerial photo base.  These surveys are usually prepared on a county basis 
and contain information on soil drainage conditions, slopes, and shallow ground 
water.   
  
 (b) DEP Files and Reports 
 
 Other significant sources of hydrogeologic information are the reports prepared by 
consultants for municipalities, DEP, and the private sector in connection with 
development of public water supplies, sewerage systems, building construction, 
and contamination investigations.  Many of these reports are available at the 
regional DEP offices or the DEP office in Boston.  Individuals interested in 
reviewing these files must make an appointment in advance with the respective 
DEP office.  Reports relating to sites on the National Priorities List are put on file at 
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local libraries and are available for review at these locations.  There is no central 
bibliography of these reports at this time.   
 
 (c) Environmental Protection Agency (EPA) Library 
 
 The regional office of EPA has a well-stocked reference library of U.S. Government 
environmental publications and reports.  The library is located at One Congress 
Street, 11th floor, Boston, Massachusetts, Tel. (617) 918-1990.   
 
 (d) Aerial Photographs 
 
 Inspection of aerial photos is an effective and economical way to become familiar 
with a site.  Stereo pairs of aerial photos can be viewed with a stereoscope to 
produce a three-dimensional image of the ground surface; the view is similar to 
flying over the site in an airplane.  Various aspects of site geology, vegetation, 
hydrology, and landforms may be interpreted from aerial photos.  The 
Massachusetts Department of Public Works maintains a library of stereo pair aerial 
photos with coverage of most of the state at 10-year intervals.  Individuals who 
wish to view the photos must make an appointment with the Office of Trans-
portation.  They are located in the Photogrametric Section, Geodetic Survey, 
Massachusetts Department of Public Works, 10 Park Plaza, Boston.  Photos 
cannot be removed from the premises.  Aerial photo coverage is also available 
from some municipalities.   
 
 (e) Bridge Borings 
 
 Bridge boring information is available for inspection at the office of the 
Massachusetts Department of Public Works, 10 Park Plaza, Boston.  Individuals 
wishing to view the borings must call ahead for an appointment.   
 
 
 (f) HUD Flood Insurance Maps 
 
 These maps have been prepared for almost all communities.  They show flood-
prone areas.   
 
 (g) Sanborn Fire Insurance Maps 
 
 These maps are compiled periodically by a private firm.  Where available they can 
provide a historical record of facility layouts.   
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2.1-2.2  Map and Remote Sensing Interpretation 
 
A review of a series of historical photographs and maps can be used to observe how land 
use activities have changed over time and to locate old lagoons, dumps, and other waste 
disposal areas.   
 
2.1-2.2.1  U.S.G.S. Topographic Maps 
 
Topographic maps display landforms, drainage, man-made features, vegetation, and 
contour lines.  Contour lines connect points of equal elevation above sea level.  In 
addition, spot elevations are depicted at the tops of hills, road intersections, and survey 
points.  On U.S.G.S. topographic maps, specific colors are used on all maps to depict 
various features: 
 
  Brown  contour lines 
  Blue  drainage, water bodies 
  Black       boundaries, bench marks, roads, and mines 
  Green      trees, brush, and crops 
  Red  highways, fences, and survey lines 
  Pink  closely spaced buildings in urban areas 
  Purple              revisions made from aerial photographs that have not been 
field checked 
 
U.S.G.S. topographic maps for Massachusetts are available at various scales including 
1:24,000, 1:25,000, and 1:62,500.  Exact positions of latitude and longitude are shown 
along the map margins.  Each map or quadrangle has a name that is unique to that 
quadrangle, generally corresponding to a town located in the quadrangle.  In 
Massachusetts the U.S.G.S. has recently published a series of metric 7.5-minute maps at 
a scale of 1:25,000 for the entire state.  Very recently, double quads (7.5 minutes x 15 
minutes) have been published for certain parts of the state.  At the base of the map is a 
graphic scale in feet, miles, meters, and kilometers.  If the map is photocopied, enlarged, 
or reduced, the graphic scale should also be copied to maintain the accuracy of the scale 
of the reproduction of the original map.  
 
2.1-2.2.2  Remote Sensing 
 
Remote sensing can be used in the interpretation of site geology and drainage.  Infrared 
and multi-spectral imagery can be used to identify thermal gradients, which may be 
indicative of surface water pollution, subsurface seepage, or stressed vegetation.  Table 
2.1-2 lists the common forms of remote sensing imagery.  Table 2.1-3 summarizes the 
uses of remote sensing imagery used in hydrogeologic and site  
investigations.  Conclusions drawn from photo interpretation should be verified on the 
ground during a site visit.  Sources of remote sensing imagery are listed in Table 2.1-5.   
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2.1-2.3  Historical Review 
 
A historical review can provide information about the suitability of a site for its intended 
purpose or the potential degree of contamination that might be associated with the land 
and the ground water.  Potential sources of historical information should be consulted.  
These include, but are not limited to, previous owners and employees, neighbors, 
municipal records and officials, newspaper articles and photographs.  Section 2.2-4.1.1 
lists the MCP requirements for the history of a location.   
 
2.1-2.4  Physical Characterization of a Location 
 
It is extremely important that the location of the reconnaissance investigation be identified 
on plans, both regionally and specifically.  A U.S.G.S. topographic quadrangle is usually 
sufficient to provide the general locus of the area being investigated.  Geographical 
coordinates (latitude and longitude or UTM grid coordinates) will provide a universally 
accepted description of the precise area under investigation.  The amount of detail 
included in the physical characterization will depend on the objective(s) of the investigation 
and the type of information needed to plan the next phase of a hydrologic investigation.  
Physical features that might be significant during a reconnaissance investigation include:   
 
o Site access 
o Site topography and drainage 
o Significant cultural features 
o Vegetation 
o Geology 
o Hydrologic features 
o Wetlands 
o Adjacent land use 
o Utility locations and easements 
 
Section 2.2-4.1.2 lists the MCP requirements for the physical characterization of a 
location.  
  
2.1-2.5  Base Map Preparation 
 
A fundamental part of a reconnaissance program is the preparation of a preliminary base 
map.  The extent of area covered by this base map will depend on the nature of the 
investigation.  The scale of the map will be dependent upon the size of the area and the 
type and detail of available information.  A regional map may have a scale on the order of 
a mile to the inch, while a site-specific map may have a scale of 100 or 200 feet to the 
inch.  The base map can be prepared from an air photo, an enlarged U.S.G.S. topographic 
map, a local assessor's map, or a site survey.  If possible, the base map should contain 
the following information:   
 
o graphic scale 
o north arrow, indicating true north  
o source(s) of map base 
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o significant cultural features  
o site features including drainage, topography  
o property boundaries 
o site boundaries 
o underground and overhead utilities 
o existing wells, drains, and other underground features 
o legend 
o notes 
 
Following the preparation of a base map, it may be helpful to compile the existing geologic 
and hydrologic information onto various base maps, depending upon the detail and 
accuracy of the existing information.  During a subsequent site visit, it is helpful to have 
geologic and hydrologic maps available so that information shown on the base map can 
be easily confirmed or refined.   
 
2.1-2.5.1  Site Visit 
 
A site visit should be performed after the compilation of available information and 
preparation of the preliminary base map.  The primary purpose of a site visit is to confirm, 
supplement, or modify the existing information about the site.  The following items should 
be considered during a site visit.  
 
 (a) Site Access 
  
 Fences, roads, topography, vegetation, subsurface or overhead utilities, wet areas, 
and other factors that may affect a subsurface exploration programs. 
 
 (b) Site Topography and Drainage 
 
 General topography and drainage as they relate to site hydrogeology and access.   
 
 (c) Significant Cultural Features 
 
 Presence of buildings, overhead and underground utilities, storm drains, buried 
tanks, parking lots, or roads that would influence access for a subsurface boring 
program. 
  
 (d) Vegetation 
 
 Describe surface vegetation (i.e., wooded, grassy, or marshy) and how it relates to 
access for a filed investigation program.  Determine if the pattern of vegetation is 
consistent with hydrogeologic interpretations (i.e., wetland vegetation where 
ground water discharge occurs).  Look for evidence of stressed vegetation that 
might relate to contamination of the surface water, ground water, or soil. 
 
 (e) Geology 
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 Assess whether landforms, soil characteristics, and rock outcrops are consistent 
with available data.  Look for sinkholes, gullies, and excavations for information on 
subsurface conditions.  Locate outcrops and note the rock type, degree of 
weathering, and structure.  Describe the surficial geology, frequency and size of 
boulders, presence and character of artificial fill, and the presence of organic soils. 
 
 (f) Hydrologic Features 
  
 Locate surface water bodies, wells, springs, and wetlands.  Estimate surface and 
subsurface flow directions.  Estimate elevation of water surface in streams, below 
bridges, and in ponds.  Estimate the depth to the water table.   
 
 (g) Wetlands 
 
 Look for wetland areas that will be subject to the jurisdiction of the local 
Conservation Commission under M.G.L. c131, sec. 40, or the U.S. Army Corps of 
Engineers under Section 404 of the Clean Waters Act, as amended.   
 
 (h) Waste Information 
 
 Describe the presence and condition of drums, barrels, other storage containers, 
and disposal areas.  Record evidence of spills, soil discoloration, leachate 
breakout, seeps, fill materials or odors.  Locate and describe the condition of tanks, 
waste water systems, pits, lagoons, and disposal areas.    
 
 (i) Facility Operations 
  
 If the site includes an operating facility, the site reconnaissance should include an 
interview with individuals responsible for operation of this facility, followed by an 
evaluation of the status of the existing operation of the site.   
 
 (j) Land Use 
 
 Obtain as much information as possible about past and present land use activities 
at and near the site.  If possible, obtain the names of employees or neighbors 
knowledgeable about the site.  Verify that the use of adjacent land is consistent 
with available data.  Evaluate the relative significance of abutting up-gradient and 
down-gradient environmental receptors.  Determine if adjacent land uses or 
activities might alter ground water flow directions or present possible sources of 
contamination.  Identify sensitive environmental receptors.  
 
It is important to maintain good notes during a site visit. Examples of site 
reconnaissance checklists that can be used during a site visit are included in Appendix A 
and B.  It is most useful to make notations directly on a site base map.  Geologic 
contacts can also be confirmed during a site visit. 
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A pocket tape recorder may be useful for dictating notes and recording conversations 
with individuals associated with the site.  If a tape recorder is used, the notes should be 
transcribed immediately upon return to the office to avoid accidental data loss.   
 
2.1-2.5.2  Map Revision 
 
Existing data should be revised and updated following the completion of a reconnaissance 
site investigation.  If not already completed, the pertinent geologic, hydrologic, cultural, and 
land use information should be compiled onto the various base maps.  Once this is 
complete, a site-specific investigation program can be developed based on a review of all 
accurate, available data.   
 
 
 
2.1-3 PROBLEMS AND POSSIBLE SOLUTIONS 
 
2.1-3.1  Restricted Site Access and Uncooperative Landowners 
 
Frequently, landowners become increasingly wary or uncooperative during a field 
investigation program.  It is important to obtain as much detailed information as possible 
during a preliminary site visit in case future access is restricted.  Additionally, areas critical 
to understanding the site should be investigated as early as possible in the program in 
case access is eventually restricted.   
 
In some cases, it may not be possible to perform a thorough site investigation due to 
limited or prohibited access.  A file review of local sites and field visit to adjacent sites may 
be helpful in evaluating the available data.  In cases where landowners are uncooperative, 
local and state officials may be of some assistance in persuading landowners to permit 
site access.   
 
2.1-3.2  Lack of Available Data 
 
In some areas, little or no data are available about a site, making a preliminary 
assessment of geologic and hydrologic conditions extremely difficult.  In this case, a 
thorough review of the regional data and a detailed site visit are recommended.  
Assistance from experienced geologists and engineers during a site visit may be helpful in 
identifying the actual site conditions.  If the available data are very sparse and the site visit 
is limited, it will be advisable to perform a phased investigation program consisting of 
surface geophysical investigations and/or preliminary test pits and borings before planning 
the full-scale site investigation.   
 
 
2.1-3.3  Weather Conditions 
 
Snow cover, high water and rain may significantly hamper a thorough site visit.  Outcrops, 
excavations, man-made features, and even odors may be obscured by adverse weather 
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conditions, severely limiting the effectiveness of a preliminary site visit.  If possible, site 
visits should be planned for a time when all the significant features are fully accessible.   
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             SITE ASSESSMENT CHECKLIST       Job No.________________ 
FOR USE DURING A SITE RECONNAISSANCE VISIT  Site Name______________ 
                                                Client_________________ 
                                                 Date___________________ 
                                                  Completed by___________  
 
MANMADE AND RELATED FEATURES 
 
1.  Buildings 
 Number, location, size ______________________________________________  
     Type of construction ________________________________________________  
      Age _____________________________________________________________ 
 General Condition _________________________________________________  
 Flooring Materials__________________________________________________  
 Floor drains; to where?______________________________________________  
 Spill evidence; cleaned up? __________________________________________  
  
2.  Utilities 
 Electricity ________________________________________________________  
 Natural Gas ______________________________________________________  
 Oil ______________________________________________________________  
 Telephone _______________________________________________________  
 Sewers __________________________________________________________  
 Water ___________________________________________________________  
 Storm drains ______________________________________________________ 
 
3.  Physical Features 
 Parking areas (paved or under roof?)___________________________________  
 Roads ___________________________________________________________  
    Power lines_______________________________________________________  
 Dwellings ________________________________________________________  
 Structures/improvements ____________________________________________  
 Rights-of-way _____________________________________________________  
 
4. Security Features 
 Access roads _____________________________________________________   
 Fencing and gates _________________________________________________  
 Vegetation barriers _________________________________________________  
 Bike trails ________________________________________________________  
 Camp fire/party remains _____________________________________________  
 Boat launching areas _______________________________________________  
 
5.  Adjacent Land Use (Past and Present) 
 Surface water/groundwater use _______________________________________  
 Roads/utilities _____________________________________________________  
 Residential/industrial/commercial/agricultural ____________________________  
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               SITE ASSESSMENT CHECKLIST   Job No.________________ 
FOR USE DURING A SITE RECONNAISSANCE VISIT   Site Name______________ 
 Client __________________   
                                              Date ___________________   
                                              Completed by____________   
                                              Page 2 of 4 
 
Vacant land ____________________________________________________________  
Vegetation types ________________________________________________________  
Drainage patterns________________________________________________________  
 
NATURAL FEATURES 
 
1.  Vegetation Features and Condition 
 Type _______________________________________________________________  
 Maturity_____________________________________________________________  
      Density _____________________________________________________________  
      Condition (stressed) ___________________________________________________  
       
2.  Water Features 
      Wells ______________________________________________________________  
      Springs/seeps _______________________________________________________  
      Wetlands (swamps, meadows, bogs) _____________________________________  
      Ponds/lakes _________________________________________________________  
      Streams ____________________________________________________________  
      Direction of runon and runoff ____________________________________________  
      Surface erosion_ _____________________________________________________  
      Evidence of flooding___________________________________________________  
      Water body use ______________________________________________________   
 
3. Geologic Features 
      Topography and slope _________________________________________________  
      Soil characteristics ____________________________________________________  
      Rock outcrops _______________________________________________________  
      Sinkholes ___________________________________________________________  
      Excavations _________________________________________________________  
      Spoil piles___________________________________________________________  
      Mining activity________________________________________________________  
      Quarries or pits_______________________________________________________  
      Diversion ditches _____________________________________________________  
 Soil stockpiles _______________________________________________________  
 Aquifer characteristics _________________________________________________  
      Erosion _____________________________________________________________   
      Boulders ____________________________________________________________  
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      SITE ASSESSMENT CHECKLIST        Job No.________________ 
FOR USE DURING A SITE RECONNAISSANCE VISIT   Site Name______________ 
                                                  Client_________________ 
                                                 Date___________________ 
                                                  Completed by___________ 
                                                  Page 3 of 4 
 
POTENTIALLY HAZARDOUS FEATURES 
1. Waste Evidence 
      Drums, barrels, containers ______________________________________________  
      Waste materials ______________________________________________________  
      Construction/demolition debris___________________________________________  
      Discolored soil _______________________________________________________  
      Odors ______________________________________________________________  
      Leachate seeps ______________________________________________________  
      Discolored surface water _______________________________________________  
      "Unnatural soil"_______________________________________________________  
      Ash or blackened area _________________________________________________  
       
2. Chemical/Fuel/Drum/Storage Area 
 
      Materials stored ______________________________________________________  
      Type of construction___________________________________________________  
      Age________________________________________________________________ 
      General condition _____________________________________________________  
      Security and access ___________________________________________________  
      Spill control berms ____________________________________________________  
      Spill evidence ________________________________________________________  
       
3. Manholes/Catch Basins/Drains/Fill Pipes 
      Where______________________________________________________________  
      What for ____________________________________________________________  
      Description __________________________________________________________  
      Unusual appearance or odors ___________________________________________  
 
4. Process Tanks/Wastewater Tanks 
      Size _______________________________________________________________  
      Materials of construction _______________________________________________  
      Purpose ____________________________________________________________  
      Inside/outside appearance ______________________________________________  
      Above/below grade ___________________________________________________  
      Lined/unlined ________________________________________________________  
      Contents____________________________________________________________  
      General condition _____________________________________________________  
      Leaks/spills-evidence or incidents ________________________________________  
      Connecting piping secure?______________________________________________  
      Chemical feed/pump system ok? _________________________________________  
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             SITE ASSESSMENT CHECKLIST        Job No.________________ 
FOR USE DURING A SITE RECONNAISSANCE VISIT  Site Name______________ 
                                                  Client_________________ 
                                                  Date___________________ 
                                                  Completed by___________ 
                                                 Page 4 of 4 
 
5. Pits/Ponds/Lagoons 
     Size/location _________________________________________________________  
     Materials and construction ______________________________________________  
     Purpose/contents _____________________________________________________  
     Above/below _________________________________________________________  
     Lined/unlined_________________________________________________________ 
     General condition _____________________________________________________  
     Freeboard ___________________________________________________________  
     Leaks_______________________________________________________________  
     Fill/drainpipes ________________________________________________________  
        
6. Disposal Areas 
     Size ________________________________________________________________  
     Location_____________________________________________________________  
 Age  
 Contents ____________________________________________________________ 
 General condition _____________________________________________________  
 Debris ______________________________________________________________  
 Drums ______________________________________________________________  
 Sludge/residue/rubble __________________________________________________  
 Discoloration _________________________________________________________  
 Odors_______________________________________________________________  
 Monitoring wells_______________________________________________________  
 Cover material ________________________________________________________  
     Vegetation ___________________________________________________________  
 Equipment condition ___________________________________________________  
 Surface contours ______________________________________________________  
 Erosion _____________________________________________________________  
 Leachate (analytical results) _____________________________________________  
 
7. Chemical Transfer Points 
     Where, when _________________________________________________________  
     What chemicals_______________________________________________________  
     Inside/outside)________________________________________________________  
 Paved/unpaved _______________________________________________________  
 Spill evidence ________________________________________________________  
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                                  Job No.________________ 
SITE RECONNAISSANCE FIELD SUMMARY             Site Name______________ 
                                                  Client_________________ 
                                                  Date___________________ 
                                                  Completed by___________ 
                                                 Page 1 of 3 
 
1.   GENERAL 
    Client ______________________________________________________________  
    Name of project ______________________________________________________  
    Location of sit ________________________________________________________  
    USGS Quadrangle_____________________Size of site ______________________  
 Description of proposed development _____________________________________  
   
   
  
 Available site plans and other drawings (Dwg. No., Title, Author, Date) (if no plans 
are available, prepare sketch and attach to report) 
   
   
 Available photographs _________________________________________________  
 Available bedrock or surficial geology maps ________________________________  
 
2.   SITE ACCESS 
Sketch location of roads and trails not shown on site plan and note type and condition.  
Describe type of exploration equipment which can be moved into site, e.g., small or 
large backhoe, either rubber-tired or tracked, truck mounted or skid-mounted drill 
rigs, small portable rigs, water availability for drilling, overhead utility restrictions, etc.  
___________________________________________________________________  
 ___________________________________________________________________   
 
3.  TOPOGRAPHY   (Level - Rolling - Hilly - Mountainous, etc.) 
 Describe ____________________________________________________________  
   
 Degree of slopes, approx. ______________________________________________  
      Max. elevation__________________Min. elevation __________________________  
      Reference datum (USGS MLS, Boston City Base, etc.) _______________________  
       
4.  GEOMORPHOLOGY 
 (Tidal marsh - Drumlin - Flood Plain - Valley Floor, etc.) 
 Describe ____________________________________________________________  
   
___________________________Is the site virgin?__________________________  
 Character of erosion gullies (steep, moderate, or gently inclined) 
___________________________________________________________________   
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                                          Job No.________________ 
SITE RECONNAISSANCE FIELD SUMMARY             Site Name______________ 
                                                  Client_________________ 
                                                  Date___________________ 
                                                  Completed by___________ 
                                                  Page 2 of 3 
          
5. SURFACE VEGETATION (Wooded - Brush - Grass - Cleared - Fill, etc.) 
      Describe ____________________________________________________________  
  
  
 Size and type trees____________________________________________________  
 
6.  DRAINAGE (Locate features on sketch) 
 Natural Streams and Springs (Estimate gradient and discharge) 
  
 Man-made Drainage ditches and Culverts (describe type and estimate size, lined or 
unlined, headwalls, presence of water) ____________________________________  
 ________________________________________________________________  
  
 Probable groundwater elevation (from observations in pits, wells) 
  
 Evidence on history of flooding __________________________________________  
Max. flood el. ________________________________________________________   
 
7.  EXISTING STRUCTURES ON SITE OR NEARBY 
 (Describe and locate on sketch) 
 Buildings (Type, size owner, foundation, available borings) ____________________  
 
8.   SOIL AND ROCK FEATURES (Show applicable information on sketch) 
 Bedrock Type Rock (outcrops, cuts) ______________________________________  
 __________________________________________________________  
    Joining and Fissility (Degree and angle) __________________________________  
         Surface boulders (Size, number, type rock) _______________________________  
    Stone walls (None, few, many) _________________________________________  
           
      Soil Exposures (Describe types of materials and vertical sequence noted in each  
 exposure, e.g. in open pits, roadway cuts, trenches, erosion gullies, etc. 
   
   
 Artificial Fill (Granular, rubbish, cinders, etc.)________________________________  
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                                     Job No. _______________ 
SITE RECONNAISSANCE FIELD SUMMARY             Site Name______________ 
                                                  Client__________________ 
                                                  Date___________________ 
                                                 Completed by___________ 
                                                  Page 3 of 3 
 
 Topsoil Thickness and Type_____________________________________________ 
 Organic Materials (Peat depths, limits, etc.)_________________________________  
  _ 
 Probable Subsoil Conditions (Describe as completely as possible) 
   
   
 Previous Subsurface Explorations ________________________________________  
   
 
9.    SOURCES OF BORROW (Where applicable, give name and location of pit, name, 
address and telephone of owner, distance from site, type of soil, sample taken, price, 
estimated resources, etc.) 
 
 
 
 
 
 
10.   ADDITIONAL INVESTIGATIONS (If applicable to investigation, check public works 
department and town engineer for location of sewer lines, water lines, buried cables, 
septic tanks, etc. Include name and telephone numbers of people contacted) 
 
 
 
 
 
 
 
11. ADDITIONAL COMMENTS AND NOTES 
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SECTION 2.3 
 HEALTH AND SAFETY PLANS 
 
2.3-1  PURPOSE 
 
Workers at hazardous waste sites may be exposed to a variety of known and unknown 
physical and chemical hazards.  To control worker exposure to these hazards, the 
Occupational Health and Safety Administration (OSHA), as required by Congress in the 
Superfund Amendments and Reauthorization Act (SARA) of 1986, developed the 
Hazardous Waste Operations and Emergency Response standard-interim final rule, 29 
CFR 1910.120, to regulate employee safety and health at hazardous waste operations. 
One portion of this standard addresses site-specific Health and Safety Plans (HASPs).   
The purpose of this Standard Reference is to present guidelines and a methodology for 
developing HASPs.  A site-specific HASP is necessary to address the health and safety 
hazards anticipated at a particular site, and to describe the means that will be used to 
eliminate or control hazardous exposure in order to reduce the risk of bodily injury.  The 
HASP must be developed in a systematic manner so that all hazards and necessary 
protective actions are addressed.  A well developed HASP should provide all the 
information needed for site personnel to work in safety, and respond to emergencies in a 
quick, safe, and efficient manner.   
 
The Health and Safety Plan guidelines outlined in these Standard References pertain to 
hazardous waste sites and any emergency response actions that may occur at a site.  
Specific guidelines for emergency response actions at uncontrolled releases of oil or 
hazardous materials may differ.   
 
2.3-2  APPLICABILITY 
 
All hazardous waste sites covered by 29 CFR 1910.120 are required to develop site-
specific HASPs.  In Sections (a)(1) and (2) of the Hazardous Waste Operations and 
Emergency Response rule, the scope of coverage is described.  To summarize this 
section, employers and employees engaged in the following operations are required to 
comply with the regulation:   
 
o Operations involving hazardous substances that are conducted under the 
Comprehensive Environmental Response, Compensation, and Liability Act 
(CERCLA) of 1980 
 
o Clean-up operations involving major corrective actions conducted under the 
Resource Conservation and Recovery Act (RCRA) of 1976 
 
o Operations at hazardous waste sites that have been designated for cleanup by 
state or local governmental authorities 
 
o Operations at treatment, storage, and disposal (TSD) facilities involving hazardous 
wastes regulated under 40 CFR Parts 264 and 265, pursuant to RCRA 
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o Emergency response operations for release of, or substantial threats of, hazardous 
substances without regard to the location of the hazard 
 
2.3-3  REQUIREMENTS 
 
The Hazardous Waste Site and Emergency Response rule (29 CFR 1910.120) also 
specifies certain items that must be addressed in the HASP.  (See Appendix A.)  In 
addition to pertinent site information, all HASPs, at a minimum, must contain the following 
information, although the level of detail provided should be dependent upon the 
anticipated risk and exposure:   
 
o Personnel: 
 
Key health and safety personnel are those who either have health and safety responsibilities on-
site or are utilized as a backup if an emergency occurs.  These personnel include:  
(1) at the corporate level, the Health and Safety Manager (HSM), who is 
responsible for implementing all health and safety programs within the corporation; 
(2) at lower corporate levels, the Health and Safety Supervisor (HSS) and the 
Health and Safety Officer (HSO), who are responsible for designing site-specific 
HASPs and auditing compliance with the HASP; (3) at a site level, the Health and 
Safety Designee (HSD), if one is so designated, who assists the HSO when 
multiple operations are conducted that require air monitoring; (4) the Industrial 
Hygienist; and (5) other relevant individuals.   
 
o Risk or Hazard Analysis: 
 
The purpose of the risk or hazard analysis is to determine the extent of worker exposure 
during the conduct of various operations at the site.  The analysis is 
conducted by reviewing all available data on the potential hazards at the 
site, both chemical and physical.  It is necessary to determine the potential 
for worker exposure, based on the levels and types of contaminants known 
or suspected to be on-site, as well as the site conditions and the work to be 
done.  The analysis must include an evaluation of the potential risks or 
hazards from accidents or major catastrophes.   
 
o Training Requirements: 
 
 All site personnel who may potentially be exposed to hazardous materials at a hazardous waste site 
See Table 2.3-1.  Site personnel must also receive eight hours of refresher training 
each year.  On-site management and supervisors directly responsible for employees 
engaged in hazardous waste operations must receive an additional eight hours of 
supervisory training.   
 
o Personal Protective Equipment (PPE): 
 
Selection of the appropriate PPE is a complex process that must consider a variety of 
factors, including the identification of known or suspected hazards, their 
routes of entry into the body (i.e., skin absorption, inhalation, or ingestion), 
and the performances of the PPE.  Before selecting PPE, engineering 
controls must be taken into account.  If it is feasible to use engineering 
controls and work practices to limit or reduce the exposure, they must be 
given priority over the use of PPE.  Types of engineering controls that may 
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be feasible include the use of pressurized cabs or control booths on 
equipment, the use of remotely operated material handling equipment, 
wetting down soil to control dust, and ventilating a confined space.   
 
o Medical Monitoring: 
 
Any employees exposed or potentially exposed for 30 days or more per year to hazardous 
substances or health hazards, at levels that equal or exceed the exposure 
levels established by OSHA, the National Institute for Occupational Safety 
and Health (NIOSH), or the American Conference of Governmental 
Industrial Hygienists (ACGIH), or who wear respirators for 30 days or more 
a year, must be enrolled in a medical surveillance program.   
 
o Monitoring:  
 
The frequency and types of air monitoring, personnel monitoring, and environmental 
sampling techniques and instrumentation to be used should be described.  
The methods of maintenance and calibration of monitoring and sampling 
equipment to be used should also be included.   
 
o Site Control Measures: 
 
Appropriate site control procedures must be implemented before work begins.  To 
control employee exposure to hazardous substances, the site control program 
must include, at a minimum, a site map, site work zones (i.e., Exclusion Zone, 
Contamination Reduction Zone [CRZ], and Support Zone - see Figure 2.3-1), the 
use of a "buddy system," site communications, the standard operating procedures 
for safe work practices, and identification of the nearest medical assistance, 
including written directions and a map showing the most direct route to the facility.  
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o Decontamination: 
 
A decontamination procedure must be developed, discussed with all on-site employees, 
and implemented before any work may be undertaken in areas on-site 
where a potential for exposure to hazardous substances exists.   
 
o Emergency Response: 
 
An emergency response plan must be developed to cover all anticipated emergencies 
prior to the commencement of work on-site.   
 
o Confined Space Entry Procedures: 
 
If employees will be required to enter a confined space, entry procedures must be 
developed and communicated to the employees before the commencement of 
work.  If entry into a confined space will not be required, a statement stating this 
must be included in the HASP.   
 
The HASP should always be regarded as a dynamic document, subject to revision as 
more information becomes available or as site conditions change.  The initial 
development, subsequent revisions, and implementation of the HASP are the 
responsibility of the HSO assigned to the site.  When developing a HASP, the HSO will 
gather the necessary information about the site from past records, including what was 
disposed of; complaints from the public on odors, illnesses, or injuries that may be site 
related; any previous agency action (e.g., prior investigations, response to spills or leaks, 
fires, or response to complaints of contaminated water); worker or non-worker injury that 
may have occurred on-site while the site was in operation or when prior investigations 
were underway; and prior sampling episodes.   
 
A preliminary HASP must then be developed to beused for the site reconnaissance.  This 
important preliminary work step sets the framework for the execution of the remainder of 
the project HASP.  It enables the HSO to develop a layout of the site, identify site hazards, 
establish the appropriate level of personal protection, verify information about the site, and 
provide additional information for use in other work-related matters (e.g., locating future 
monitoring wells and test pits).   
 
All information gained is later incorporated into a site-specific HASP.  As additional 
information relative to the site becomes available, or work conditions change, revisions to 
the HASP must be made.  These changes must be communicated to all affected 
personnel.   
 
2.3-4  PERSONAL PROTECTION LEVELS 
 
Levels of personal protection were first developed by the U.S. Environmental Protection 
Agency (USEPA) and later adopted by OSHA in the Hazardous Waste Operations and 
Emergency Response rule.  This section summarizes the protection levels appropriate for 
various conditions.  Appendix B lists the OSHA-recommended equipment per level of 
protection.   
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2.3-4.1  Level  A 
 
Level A personal protection provides the highest level of protection for the skin, eyes, and 
respiratory system.  It is appropriate for conditions where there are potential or actual high 
concentrations of atmospheric vapors, gases, or particulates.  It should be used if site 
operations or work functions involve a high potential for splash, immersion, or exposure to 
unexpected vapors, gases, or particulates of materials that are harmful to the skin or 
capable of being absorbed through the intact skin.  Level A is primarily used for 
emergency situations or when the following conditions exist:  (1) vapors/mists of strong 
acids; (2) known or probable "Immediately Dangerous to Life and Health" (IDLH) 
atmospheres with dermally active compounds; (3) high atmospheric concentrations of 
compounds that can be absorbed through the skin; and (4) operations that must be 
conducted in a confined, poorly ventilated area, where conditions requiring Level A have 
not yet been eliminated.  The key PPE in Level A personal protection are the fully 
encapsulating suit and the positive pressure/pressure demand self-contained breathing 
apparatus (SCBA) or hoseline respirators.   
 
2.3-4.2  Level  B 
 
Level B personal protection should be used when the type and atmospheric concentration 
of substances have been identified and require a high level of respiratory protection; 
however, the atmospheric contaminant, splashing liquid, or other direct contact will not 
adversely affect or be absorbed through any exposed skin.  This includes atmospheres 
with IDLH concentrations of specific substances that do not represent a severe skin 
hazard, or that do not meet the criteria for use of air purifying respirators.  Level B has the 
same respiratory protection criteria as Level A, but the dermal exposure is not as severe.  
Level B is also required where cartridge-type respirators are not available for the 
contaminant of concern.   
 
2.3-4.3  Level C 
 
Level C personal protection should be used when the atmospheric contaminant, liquid 
splashes, or other direct contact will not adversely affect or be absorbed through any 
exposed skin.  In addition, the types of air contaminants must have been identified, the 
concentration measured, and an air-purifying respirator made available that can remove 
the contaminants.  Air-purifying respirators can only be used if the oxygen content in the 
air is at least 19.5 percent, the contaminant has adequate warning properties (e.g., odor, 
taste, and irritating effect thresholds within two to three times the Threshold Limit Values 
[TLVs]), the concentration of the contaminant does not exceed the IDLH, and the worker 
has been fit tested.  Level C has the same splash protection as Level B, but cartridge 
respirators are used instead of SCBAs.   
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2.3-4.4  Level D 
 
Level D personal protection requires a work uniform affording minimal protection; it is used 
only for nuisance contamination.  This level of protection should only be used when the 
atmosphere contains no known hazard; all potential airborne contaminants can be 
monitored for; and work functions preclude splashes, immersion, or the potential for unex-
pected inhalation of or contact with hazardous levels of any chemical.   
 
2.3-5  QUESTIONS AND SUGGESTED SOLUTIONS 
 
This section presents some problems that may be encountered when developing a HASP 
and suggests possible methods for developing solutions.   
 
PROBLEM:  How to ensure that a preliminary HASP is developed prior to site 
reconnaissance.   
 
DISCUSSION:  Frequently, to get a project moving, preliminary site walk-overs occur 
without first taking the time to develop a preliminary HASP.  A preliminary HASP is 
required by OSHA; it is the same as the regular HASP except it is based solely on 
information gathered off-site (e.g., from background checks, complaints from the public, 
previous agency action, and prior injuries or illnesses).  This document should be as 
complete as possible, based on all the information available at the time.  If the preliminary 
off-site assessment does not produce sufficient information to identify the hazards or 
suspected hazards at a site, OSHA requires that initial site entry be conducted in Level B 
PPE.  Therefore, the preliminary HASP enables workers to conduct the initial 
reconnaissance in a safe manner, whether it be in Level B, C, or D PPE.   
 
POSSIBLE SOLUTIONS:  Training is important.  Ensure that all personnel, from 
management down, know of the requirements and the reasons for the preliminary HASP.  
Establish a communication network between Project Managers and health and safety 
personnel to review the information found during the preliminary site evaluation and 
determine an adequate level of protection.  
  
PROBLEM:  How to determine the level of personal protection to be used on-site.   
 
DISCUSSION:  When determining the proper level of personal protection, the more 
information that is available about the site, the better.  If in doubt, the level of protection 
selected should be conservative so as to protect the health of the workers.  However, if a 
greater level of personal protection is selected than needed, problems inherent with the 
equipment could not only increase the cost of the project (due to the costs associated with 
the equipment and the reduction in work efficiency associated with wearing the 
equipment), but also make it more hazardous than the hazard itself. 
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For example:   
 
 Respirators 
 
o reduce visibility  
o affect communication  
o increase breathing resistance  
o are bulky and heavy (SCBAs)  
o sometimes impair mobility (air-line) 
o reduce endurance, especially in a hot environment 
 
Chemical Protective Clothing 
 
o cause heat stress, a very serious consideration; worker tolerance level can be 
reduced as much as 56 percent when working in a hot environment 
 
Steel-toe, Steel-shank, Chemical-resistant Boots 
 
o are hot in the summer (heat stress) 
o are cold in the winter (frostbite) 
 
 Gloves 
 
o reduce dexterity, especially if multiple pairs are used 
o are hot in the summer (heat stress) 
 
POSSIBLE SOLUTIONS:  Conduct a hazard analysis, using all available information, and 
estimate the potential for exposure.  The more information available, the better the 
evaluation.  If no or very little information is available about the contaminants and the site, 
a higher level of protection must be selected.  If data are available on the types, concen-
trations, and locations (aboveground or below ground) of contaminants, and the type of 
work to be done, a lower level of protection may be safely selected.   
 
Once the level of PPE is chosen, the type of glove, boot, and chemical-resistant 
clothing can be selected.  This selection is based on the contaminants found on-
site and on how well the material resists degradation or permeation by the 
contaminant.  See Appendix B for a table on the Effectiveness of Protective 
Materials Against Chemical Degradation (by Generic Class).   
 
PROBLEM:  How to go about conducting a risk or hazard analysis.   
 
DISCUSSION:  A risk or hazard analysis is required by OSHA when developing a HASP.  
The purpose of the risk/hazard analysis is to evaluate all the information available, identify 
the hazards, and develop controls.   
 
POSSIBLE SOLUTION:  When conducting a risk/hazard analysis, the more information 
available, the better the analysis.  If available information is limited, a higher degree of 
hazard must be assumed until enough data are compiled to determine otherwise.   
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To conduct a chemical risk/hazard analysis, the first step is to identify the types of 
contaminants on-site.  How hazardous are they?  Are they in high enough concentration to 
pose a health hazard?  What type of work is to be conducted?  Where are the 
contaminants found?  If found only in the groundwater, and the work is non-invasive, the 
risk of exposure may be low or nonexistent.  If the contaminants are found at the surface 
and the concentrations are high, the risk of exposure may be high.  What are the routes of 
entry into the body (i.e., inhalation, ingestion, skin absorption, or injection)?  Evaluate the 
contaminant's physical properties.  For example, is it a solid, liquid, or gas?  If it is a solid, 
the exposure route will be primarily dermal, with some possibility of particulate inhalation.  
If the contaminant is a gas or a volatile liquid, inhalation is the route of most concern.  
What is the contaminant's vapor pressure?  Vapor pressure is an indicator of the 
chemical's volatility.  All this information should be analyzed to determine the risk of 
exposure.   
 
When conducting risk/hazard analyses, care must be taken when determining which 
established exposure limit (EEL) to use.  OSHA has developed permissible exposure 
limits (PELs), which are legally enforceable.   
 
Neither the ACGIH TLVs nor the NIOSH Recommended Exposure Limits (RELs) are 
enforceable, because they are recommended limits only.  However, the TLVs and RELs 
are based on current experimental and epidemiologic data and are updated regularly.  
Therefore, except when the OSHA PELs are lower, prudence recommends the use of 
TLVs or RELs when determining EELs.  See Appendix D for calculations that can be used 
in the analysis.   
 
Although chemical exposures are first in order of concern, physical hazards must also be 
evaluated.  Physical hazards are represented by rough or uneven terrain, test pits, ditches, 
or inadequate stairs for the trailer.  Such hazards may cause slips, trips, or falls.  Improper 
materials handling may lead to back, shoulder, or arm strain; working around drilling rigs 
can cause injury due to the hammer, rods, augers, or similar equipment falling and striking 
personnel.  Also, heat stress, cold stress, and noise exposure may occur.  In addition to 
physical hazards, biological, radiological and electrical hazards must be evaluated.   
 
PROBLEM:  How to determine if there is a confined space exposure on-site.  
  
DISCUSSION:  Confined spaces can be categorized generally as areas where air 
circulation is minimal or restricted, and where the potential exists for concentration or 
stratification of gases.  Test pits, trenches, ditches, depressions, diked areas around a 
tank, and certain types of storage tanks may be classified as open-top confined spaces.  If 
the contaminant is heavier than air (i.e., butane, propane, and other hydrocarbons), it 
flows to the lowest point, where it is difficult to remove.   
 
Other confined spaces (e.g., sewers, casings, tanks, basements, silos, vaults, and 
compartments of ships) usually have limited access.  The problems arising in these areas 
are similar to those that occur in open-top confined spaces.  However, the limited access 
increases the risk of injury.  Gases that are heavier than air (e.g., carbon dioxide and 
propane) may lie in a tank or vault for hours, or even days, after the container is opened.   
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Gases that are lighter than air (e.g., hydrogen and methane) may also be trapped within 
an enclosed-type confined space, especially those with access from the bottom or side.   
 
POSSIBLE SOLUTIONS:  Ensure that personnel are trained in how to recognize a 
confined space.  Monitoring equipment should be employed prior to entry into any 
confined or semi-confined area.  Analyze the confined space for oxygen content.  Analyze 
the contaminants suspected and known to be on-site.  Determine which are heavier and 
lighter than air.  When conducting the initial reconnaissance, instruct field personnel to be 
on the lookout for any low-lying terrain where heavier-than-air contaminants could be 
trapped during work activities.  Be careful of any work done inside buildings, especially 
basements, which can be considered confined spaces if not well ventilated.  Confined 
spaces should never be entered alone.  A backup is always required.   
 
PROBLEM:  How to deal with the press, politicians, vandals, and others who want to enter 
an unauthorized zone.   
 
DISCUSSION:  OSHA regulations are very specific on the training and health monitoring 
requirement for hazardous waste sites.  If on-site more than 30 days per year, personnel 
must have received all the required training and must be enrolled in a medical surveillance 
program.   
 
POSSIBLE SOLUTION:  To prevent unauthorized access and thereby exposure of 
unauthorized, unprotected people, plan to have and maintain good site security in the 
Support Zone and at the Access Control Points.  Assign a person responsibility for 
enforcing authority for entry and exit requirements.  Have the Project Team Leader 
approve all visitors to the site.  If possible, erect a fence or other physical barrier around 
the site.  If the site is not fenced, post signs around the perimeter and use guards to patrol.  
Enlist public enforcement agencies (e.g., the local police department) if needed.  Have a 
public relations person assigned to deal with the press and politicians, as well as the 
public.  Have this person assigned to the site or refer the press and politicians to the 
telephone number where this person can be reached.   
 
PROBLEM:  How to obtain local emergency numbers (e.g., for hospitals, police, fire 
department, and poison control) in the easiest possible way.   
 
DISCUSSION:  Emergency numbers as well as the route to the hospital are required as 
part of the emergency response plan.   
 
POSSIBLE SOLUTIONS:  When first in the area of the site, acquire a local telephone 
book from the telephone company and/or contact the local police and fire departments.  
Police and fire departments are a good source for emergency numbers, as well as getting 
the best route to the hospital.  These sources should provide most of the information 
needed.   
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 HEALTH AND SAFETY PLAN (HASP) 
 
 
 Prepared for: 
 
 (identify the site) 
 
 (identify city, county, and state) 
 
 
 
 
 Prepared by: 
 
 ABC ENGINEERING CO. 
 ANYTOWN, MASSACHUSETTS 
 
 
 (enter date as month and year prepared/revised) 
 
 
 
 (NOTE:  Do not leave blanks in the HASP! 
 If sections are not considered necessary or 
 applicable, state this.) 
 
 
 
 
 
 
The attached sample HASP contains all elements required by OSHA, but the format used 
is only one of many acceptable versions.  DEP does not require use of a particular format; 
as long as the HASP conforms to OSHA and other applicable regulations, format is at the 
discretion of the preparer. 
 
The sample HASP can and should be adapted as necessary to address site- and project- 
specific details and concerns. For example, when a HASP is submitted in conjunction with 
a work and cost plan, sections that are common to both (such as scope of work and site 
history) need not be repeated. 
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APPENDIX A  EXAMPLE OF SITE-SPECIFIC HASP FORMAT 
 
A.1  GENERAL 
 
A.1.1  Scope and Purpose 
 
This Health and Safety Plan (HASP) was prepared in conform with the ABC Engineering 
Co. Health and Safety Program, and is intended to meet the requirements found in 29 
CFR 1910.120.  As such, the HASP addresses all activities associated with field 
operations at the (* identify the site).  Compliance with this HASP is required of all ABC 
Engineering Co. personnel, contractor's personnel, or third parties entering the site.   
 
A.1.2  Health and Safety Personnel 
 
The following paragraphs briefly describe the health and safety designations and general 
responsibilities that will be employed for the (* identify the site) project.  Other personnel 
without specific safety designations (e.g., the Project Manager, Field Operations Leader 
[FOL], and the field crew) should remember that safety is everyone's responsibility and 
should tailor their actions and decisions accordingly.   
 
A.1.2.1  Health and Safety Manager 
 
The Health and Safety Manager (HSM) for ABC Engineering Co., J.A. Smith, can be 
reached at (617) 123-4567, in Anytown, Massachusetts.  The HSM has final authority to 
resolve health and safety issues that are not resolved at the site or through the Health and 
Safety Supervisor (HSS), and has overall responsibility for ensuring that the policies and 
procedures of this HASP are implemented by the Health and Safety Officer (HSO).  In the 
various regions, the HSM may delegate additional functions to the Regional HSS.   
 
A.1.2.2  Health and Safety Supervisor 
 
The HSS for ABC Engineering Co., D.E. Jones, can be reached at (617) 123-4567, in 
Anytown, Massachusetts.  The HSS is the health and safety professional serving as the 
ABC Engineering Co. HSM's designee for this project.  As such, the HSS will be 
responsible for (1) approval of the individual chosen to serve as the site HSO for this field 
operation; (2) review and approval of site-specific HASPs developed by the HSO, as well 
as any significant changes made over time to the site HASP; (3) oversight of the daily 
efforts of the HSO; (4) resolution of site disputes involving health and safety issues; 
(5) implementation of the HASP by the HSO; and (6) conduct of health and safety audits at 
the site (see Attachment 2).  The HSS will notify the HSM of any Stop Work Orders issued 
by an HSO.   
 
A.1.2.3  Health and Safety Officer 
 
(* Enter name of HSO) has been approved as the HSO for the (* identify the site) by the 
ABC Engineering Co. HSS.  The HSO is responsible for developing and implementing this 
site-specific HASP in accordance with the ABC Engineering Co. Health and Safety  
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Program.  The HSO will conduct safety inspections and investigate all accidents, illnesses, 
and incidents occurring on-site.  The HSO will also conduct safety briefings and site-
specific training for on-site personnel.  As necessary, the HSO will accompany all U.S. 
Environmental Protection Agency (USEPA), Occupational Safety and Health 
Administration (OSHA), or other governmental agency personnel visiting the site in 
response to health and safety issues.  The HSO, in consultation with the HSS, is 
responsible for updating and modifying this HASP as site or environmental conditions 
change.   
 
The HSO is vested with the authority to stop site operations (STOP WORK AUTHORITY) 
if he/she determines that an imminent health or safety hazard or other potentially 
dangerous situation exists.  The HSO is to immediately notify the HSS of any Stop Work 
Orders issued.  The HSO may also recommend to the HSS or HSM that the downwind 
authorization of individual site personnel be revoked for health and/or safety reasons.   
 
The HSO, through the HSS, ensures that all personnel entering the (* identify the site) are 
qualified for downwind deployment, in accordance with the ABC Engineering Co. Health 
and Safety Program requirements.  If the HSO is responsible for a large number of sites, 
some of these sites may be delegated to Health and Safety Designees (HSDs).   
 
A.1.3  Training 
 
All personnel working on an ABC Engineering Co. site, who may potentially be exposed to 
toxic substances or hazardous materials, must participate in a 40-hour initial, eight-hour 
annual (and/or supervisory as appropriate), and site-specific training program in 
accordance with 29 CFR 1910.120, prior to commencement of their on-site assignment. 
See Table 2.3-1. Personnel without the required training will not be permitted in a 
downwind position.   
 
A.1.4  Medical Surveillance 
 
All personnel entering potentially contaminated areas of this site must be medically 
qualified for site assignment as determined by a medical surveillance program, such as 
that outlined in the ABC Engineering Co. Health and Safety Program.  This program 
consists of an initial medical examination to establish the employee's baseline, with follow-
up examinations conducted on an annual or biennial basis or more frequently if project 
assignments warrant testing.  Personnel without medical clearance will not be permitted in 
a downwind position.   
 
A.2  SITE CHARACTERIZATION AND ANALYSIS 
 
A.2.1  Site Name, Location, and Size 
 
(*Enter information that identifies the site: its location, city, county, and state; U.S. 
Geological Survey [USGS] quadrangle; and size.  A figure showing the site on a USGS 
quadrangle or other suitable map would be appropriate.)   
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A.2.2  Scope of Work 
 
(*Enter information regarding the scope of work as it relates to the types of field activities 
in which ABC Engineering Co. or subcontractor personnel would be engaged. Particular 
attention should be given to actual work activities of field personnel to identify where and 
how they might encounter health and safety hazards.)   
A.2.3  Site History 
 
(*Enter information on site use, as it relates to the types of material that could be expected 
to be encountered during site operations.  Information on any site-related incidents, 
actions, spills, or complaints about the site would be appropriate.  A description of existing 
facilities should be included; a figure of the facility layout, both current and historic, should 
be inserted, if available.)   
 
A.2.4  Hazardous Substances/Conditions 
 
(*Enter information that would identify those hazardous substances and/or conditions 
known or suspected to be present on-site.  The information could be the result of direct 
evidence from past environmental actions, or supposition based on historic use of the site.  
In addition to identifying the hazardous substances that may be present, exposure limits 
for the substances should be noted along with the sources of the limits.  [See Table A-1, 
Guidelines for Assessing Chemical and Physical Hazards].  It is recommended that the 
most conservative numbers be used when there is more than a single limit.  Other 
hazardous conditions [e.g., structural instability of site buildings, unstable ground 
conditions, or explosives] should also be identified).  See Table A-2 for Sample of CHRIS 
Data Sheet/Material Safety Data.   
 
A.2.5  Initial Site Entry 
 
A.2.5.1  Initial Level of Personal Protection 
 
(*Enter information on the selection of the initial level of protection that will be employed for 
the initial reconnaissance.  The selection of this level of protection will be based on the 
preliminary data collected.  If quite a bit is known about the site and its potential hazards, a 
lower level of personal protection can be selected, if applicable.  If little or nothing is known 
about the site, at a minimum, Level B personal protection must be used [according to 
OSHA 29 CFR 1910.120(c)].  If this is not a preliminary HASP, this section should be used 
to discuss the level of protection to be worn initially by site personnel for the proposed site 
operations.)   
 
A.2.5.2  Initial Monitoring 
 
Where the development of site information either shows the potential for or is unable to 
rule out the possibility of ionizing radiation or "Immediately Dangerous to Life or Health" 
(IDLH) conditions, initial monitoring will consist (at a minimum) of an ionizing radiation 
survey and air monitoring, using devices such as a combustible gas indicator, oxygen 
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meter, or photoionization detector (PID).  It is intended that real-time monitoring 
instrumentation will be used to assist in the determination of the appropriate level of 
protection for the initial site entry team.   
 
A.2.6  Site Risks 
 
A.2.6.1  Health Hazards 
 
(*Enter information that identifies health hazards that site personnel can expect to 
encounter as a result of site conditions or operations.  This information will be used to 
support the conclusions in the "Conclusions/Risk Assessment" section, which will be used 
to select levels of protection identified in Section A.4.3.)   
 
A.2.6.2  Safety Hazards  
 
(*Enter information that identifies safety hazards that site personnel can expect to 
encounter as a result of site conditions or operations.  This information will be used to 
support the conclusions in the "Conclusions/Risk Assessment" section, which will be used 
to select levels of protection identified in Section A.4.3.)   
 
A.2.6.3  Conclusions/Risk Assessment 
 
(*Enter the conclusions regarding risk assessment for site personnel, identifying the 
measures necessary to protect their safety.  Areas to consider include the known or 
suspected contaminants and their potential for additive or synergistic responses, the 
physical hazards that may be encountered, and the potential for such exposures or 
encounters to occur.)   
 
A.3  SITE CONTROL 
 
A.3.1  Zonation 
 
(*Insert site layout map showing site zonation.) 
 
The site itself will normally be divided into three zones:  the majority of the work area will 
be considered the Exclusion Zone, with limited areas serving as the Support Zone, and an 
area for decontamination called the Contamination Reduction Zone (CRZ).  See Figure 
2.3-1. 
 
A.3.1.1  Exclusion Zone 
 
The Exclusion Zone isolates the area of contaminant generation and restricts (to the 
extent possible) the spread of contamination from active areas of the site to support areas 
and off-site locations.  The Exclusion Zone is demarcated by the Hot Line (i.e., a tape line 
or physical barrier).  Personnel entering the Exclusion Zone must (1) enter through the 
CRZ; (2) wear the prescribed level of protection (see Section A.4.3); and (3) be otherwise 
authorized to enter the Exclusion Zone (see Sections A.1.3, A.1.4, and A.9.1).  Any 
personnel, equipment, or materials exiting the Exclusion Zone will be considered 
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contaminated.  Personnel will be subject to decontamination; equipment and materials will 
be subject to either decontamination or containerization in uncontaminated devices.   
 
Within the Exclusion Zone, specific locations or restricted areas (clearly marked or 
identified) will be established as necessary for particular locations or around specific site 
operations.  In the case of well drilling or excavation operations, a restricted area will be 
established that includes a minimum 30-foot radius from the drill rig or excavation 
operation.  Other restricted areas may include drum staging areas, active site areas, 
sources of combustible gases or air contaminants, or other dangerous areas as they are 
identified.  Specific access for emergency services to areas of specific site operations will 
be established.   
 
A.3.1.2  Contamination Reduction Zone 
 
Moving out from the Exclusion Zone, starting at the Hot Line and continuing to the 
Contamination Control Line, is the CRZ.  The CRZ is a transition zone between contami-
nated and uncontaminated areas of the site.  When "hot" or contaminated personnel, 
equipment, or materials cross the Hot Line, they are assumed to be as "hot" or 
contaminated as they are going to be from site operations.  Being subjected to the 
decontamination process, they become less contaminated; when they reach the 
Contamination Control Line, they are clean and can exit this zone without spreading 
contamination.   
 
Within the CRZ is the Contamination Reduction Corridor (CRC), where materials 
necessary for full personnel and portable equipment decontamination are kept.  A 
separate facility will be established for heavy equipment decontamination.  In addition, 
certain safety equipment (e.g., emergency eye wash, fire extinguisher, stretcher, and first 
aid kit) is staged in this zone.   
 
A.3.1.3  Support Zone 
 
The Support Zone is the outermost zone of the site, separated from the CRZ by the 
Contamination Control Line; it is considered a clean area.  Movement of personnel and 
materials from this zone into the CRZ is generally unrestricted, except as required through 
access points controlled for administrative purposes.  However, only 
uncontaminated/decontaminated personnel or materials may enter this zone from the 
CRZ.   
 
The Support Zone contains the necessary support facilities (including personal hygiene 
facilities) for site operations.  It also serves as the communications center and source of 
emergency assistance for operations in the Exclusion Zone and CRZ.  A log of all persons 
entering the site will be maintained by the HSO, the FOL, or the site designee.   
 
 
 
 
 
 
 
 
 
 
          Section 2.3 
          Page 22 
          January 1991 
 
 
 
A.3.2  Medical Assistance 
 
The primary source of medical assistance for the (*identify the site) is:   
 
 (*identify medical facility) 
 
 (*insert address of medical facility) 
 
 (*insert telephone number to contact the medical facility or emergency transport to 
the facility) 
 
The alternate source of medical assistance is:   
 
 (*identify alternate medical facility) 
 
 (*insert address of alternate facility) 
 
 (*insert telephone number to contact the medical facility or emergency transport to 
the facility) 
 
 
 
 
A.4  ENGINEERING CONTROLS, WORK PRACTICES, AND PERSONAL 
PROTECTIVE  EQUIPMENT 
 
A.4.1  Engineering Controls 
 
(*Enter a description of the engineering controls that will be employed to deal with the 
health and safety hazards identified in Section A.2.6.  For example, exhaust ventilation 
systems for fixed work stations, and enclosed, ventilated cabs of heavy equipment and 
remote-operated equipment.)   
 
A.4.2  Work Practices 
 
(*Enter specific work practices that will be used for this site and site-specific operations.  
Use the words provided herein, as appropriate.) 
 
Workers are expected to adhere to established safe work practices for their respective 
specialties (e.g., drilling, laboratory analysis, or construction).  The need to exercise 
caution in the performance of specific work tasks is made more acute due to (1) weather 
conditions; (2) restricted mobility and reduced peripheral vision caused by the protective 
gear itself; (3) the need to maintain the integrity of the protective gear; and (4) the 
increased difficulty in communicating caused by respirators.  Work at the site will be 
conducted according to established protocol and guidelines for the safety and health of all 
involved.  Among the most important of these principles for working at a hazardous waste 
site are the following:   
 
o In any unknown situation, always assume the worst conditions and plan 
responses accordingly.   
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o Use the buddy system.  Under no circumstances will any person be permitted 
to enter the Exclusion Zone alone.  Establish and maintain communication.  In 
addition to radio communications, it is advisable to develop a set of hand 
signals, because conditions may greatly impair verbal communications.   
 
o Because no personal protective equipment (PPE) is 100-percent effective, all 
personnel must minimize contact with excavated or contaminated materials.  
Plan work areas, decontamination areas, and procedures accordingly.  Do not 
place equipment on drums or the ground.  Do not sit on drums or other 
materials.  Do not sit or kneel on the ground in the Exclusion Zone or CRZ.  
Avoid standing in or walking through puddles, stained soil, or other obvious 
sources of contamination.   
 
o Smoking, eating, or drinking in the work area and before decontamination will 
not be allowed.  Oral ingestion of contaminants is the second most likely 
means of introducing toxic substances into the body (inhalation being the first).   
o Avoid heat and other work stresses related to wearing protective gear.  Work 
breaks should be planned to prevent stress-related accidents or fatigue.   
 
o To the maximum extent feasible, handling of contaminated materials should be 
done remotely, particularly when drummed or other containerized hazardous 
waste materials are found on-site.  Every effort should be made to identify the 
contents of containers found on-site before they are subject to material-
handling applications.   
 
o Personnel must be observant of not only their own immediate surroundings, 
but also those of others.  Everyone will be working under constraints; therefore, 
a team effort is needed to notice and warn of impending dangerous situations.  
Extra precautions are necessary when working near heavy equipment and 
while utilizing PPE because vision, hearing, and communication can be 
restricted.   
 
o Contact lenses should not be worn on-site; if corrosive or tear-producing 
substances enter the eyes, proper flushing would be impeded.   
 
o Personnel with any facial hair that interferes with the proper fit of the respirator 
will not be allowed to work on sites requiring Level C or B protection. 
 
o Rigorous contingency planning and dissemination of plans to all personnel 
mimimizes the impact of rapidly changing safety protocols in response to 
changing site conditions. 
 
o Personnel must be aware that chemical contaminants may mimic or enhance 
symptoms of other illnesses or intoxication.  Avoid excess use of alcohol or 
working while ill during field investigation assignments.  
 
o The FOL, HSO, and sampling personnel will maintain project records in a 
bound notebook (e.g., daily activities, meetings, incidents, and data).  
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Notebooks will remain on-site for the duration of the project so that 
replacement personnel can add information, thereby maintaining continuity. 
These notebooks and daily records should become part of the permanent   
project file.   
 
A.4.3  Personal Protective Equipment 
 
A.4.3.1  Levels of Protection.  The following descriptions provide the basic composition of 
the generally recognized protective ensembles to be used for site operations.  Specific 
components for any level of protection are site specific and will be selected based on 
hazard assessment with the ability to upgrade as necessary.  Additional elements will be 
added as necessary.  Disposable protective clothing, gloves, and other equipment, 
exclusive of respirators, should be used when feasible to minimize risks during 
decontamination, and possible cross-contamination during sample handling.  For example, 
all joints between sleeves and gloves, pant legs and boots, and face mask and hood, 
should be sealed with duct tape to prevent contaminants from accidentally coming in 
contact with the skin at these points.   
 
  
 Level A 
 
o Atmosphere Supplying Respirator (full-facepiece) - either positive pressure 
Self-Contained Breathing Apparatus [SCBA] or positive pressure Supplied Air 
Respirator [SAR]  (airline) with escape-only positive pressure SCBA. 
 
o fully-encapsulating, chemical-resistant suit    
 
o inner chemical-resistant gloves    
 
o chemical-resistant safety boots/shoes   
 
o two-way radio (intrinsically safe)    
 
o cooling unit*    
 
o coveralls*    
 
o hardhat*    
 
o long cotton underwear* 
 
  
  
 
 
*optional 
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 Level B 
 
o Atmosphere Supplying Respirator (full-facepiece) - either positive pressure 
Self-Contained Breathing Apparatus [SCBA] or positive pressure Supplied Air 
Respirator [SAR] (airline) with escape-only positive pressure SCBA. 
 
o chemical-resistant clothing (i.e., coveralls and long-sleeved jacket; hooded, 
one- or two-piece chemical-splash suit; and disposable chemical-resistant one-
piece suit)    
 
o inner and outer chemical-resistant gloves    
 
o chemical-resistant safety boots/shoes   
 
o hardhat  
 
o two-way radio (intrinsically safe)  
 
o coveralls*  
 
o disposable boot covers*  
 
o face shield* 
 
o long cotton underwear*    
 
  
  Level C 
 
o full facepiece, air-purifying respirator with appropriate sorbent canisters   
 
o chemical-resistant clothing (i.e., coveralls and long-sleeved jacket; hooded, 
one- or two-piece chemical-splash suit; and disposable chemical-resistant one-
piece suit)   
 
o inner and outer chemical-resistant gloves   
 
o chemical-resistant safety boots/shoes   
 
o hardhat    
 
o two-way radio (intrinsically safe)  
 
o coveralls*  
  
o disposable boot covers*    
 
o face shield* 
 
*optional 
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o escape mask*  
 
o long cotton underwear*  
 
 
 Level D 
 
o coveralls* 
 
o safety boots/shoes 
 
o safety glasses or chemical-splash goggles   
 
o hardhat  
 
o gloves*  
 
o escape mask*  
 
o face shield*  
 
o boot cover – chemical resistant* 
 
* Optional 
 
A.4.3.2  Other Personal Protective Equipment 
 
(* Enter information that identifies other PPE to be used on-site.  Examples include 
lifelines and harness, personal flotation devices, and body armor for blast protection.)  
 
A.4.3.3  Operational Levels of Protection 
 
(* Enter detailed information regarding the levels of protection that will be employed for 
each site operation under various site conditions, emphasizing the points or factors that 
will necessitate a higher level of protection.  The information developed in Sections A.2.2 
through A.2.6 should be used to determine the levels of protection needed for the 
proposed site operations.  NOTE:  The protection described in this section must be 
supported by the conclusions in the "Conclusions/Risk Assessment" section.)   
 
A.5  MONITORING 
 
The work environment will be monitored to ensure that IDLH or other dangerous 
conditions are identified.  At a minimum, monitoring will include evaluations for 
combustible atmospheres, oxygen-deficient environments, hazardous concentrations of 
airborne contaminants, and radioactivity.   
 
A.5.1  Air Sampling:  Equipment, Calibration, and Maintenance 
 
To the extent feasible, the presence of airborne contaminants will be evaluated through 
the use of direct-reading instrumentation.  Information gathered will be used to ensure the 
adequacy of the levels of protection being employed at the site, and may be used as the 
basis for upgrading or downgrading levels of protection, at the discretion of the site HSO.   
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(*Identify the air sampling equipment to be used at the site, and the frequency at which it 
will be employed [i.e., during initial site visit, daily at the start-up of operations, constantly 
during operations, or some combination thereof].  Examples of the types of air monitoring 
equipment currently available for site operations follow.)   
 
o ISD Dual Detector:  
 
This meter monitors for combustible gases and oxygen.  It can be used to 
determine (1) if an area contains concentrations of combustible gases with 
readings in percentage of the lower explosive limit; and (2) the percentage of 
oxygen.  This equipment will be calibrated in accordance with the 
manufacturer's instructions.   
 
o NMS MX-241 (Explosimeter):  
 
This instrument, which is calibrated to methane, monitors combustible gases 
in the percentage of the lower explosive limit.  It will be calibrated in 
accordance with the manufacturer's instructions.   
 
o ISD HS267: 
 
  This instrument monitors for the presence of hydrogen sulfide in parts per 
million (ppm).  This instrument will be calibrated in accordance with the 
manufacturer's instructions.   
 
o Photovac Organic Vapor Analyzer (OVA) 10S50: 
 
The OVA is a total organic vapor analyzer capable of detecting volatile 
organic compounds (VOCs) that can be ionized by ultraviolet (UV) light.  
Model 10S50 is commonly used on-site to estimate the presence of VOCs for 
purposes of crew protection, well screen placement, and selection of 
samples for further analysis.  The principle of operation is twofold:  (1) the 
ambient temperature gas chromatograph (GC), which resolves mixtures of 
VOCs into individual components identified by retention time; and (2) 
detection accomplished by ionization in UV light.  The charged component 
then moves to an electrode, which, in turn, results in a meter deflection 
proportional to the concentration of the contaminant.  This instrument does 
not read out directly in ppm unless calibrated against the material being 
measured; therefore, results must be interpreted carefully and conservatively.  
Calibration and maintenance will be performed in accordance with the 
manufacturer's instructions.   
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o HNU PI101 and Photovac TIP Photoionization Detector (PID): 
 
Like the OVA, the PID operates on the basis of ionization of the contaminant, 
which results in a meter deflection proportional to the concentration of the 
contaminant.  In the PID, ionization is caused by a UV light source.  The 
strength of the UV light (measured in electron volts [eV]) determines which 
contaminants can be ionized.  The HNU can use three different-strength UV 
sources:  9.6, 10.2, and 11.7 eV.  Only the 10.2- and 11.7-eV probes are 
currently available for field use.  The TIP operates using a UV light source of 
10.6 eV.  Calibration and maintenance will be performed in accordance with 
the manufacturer's instructions.   
 
o Detector Tubes (MSA and Draeger):  
 
A colorimetric detector tube is a direct-reading instrument that consists of a 
glass tube impregnated with an indicating chemical, which is connected to a 
piston cylinder or bellows-type pump.  A known volume of air is drawn 
through the glass tube.  The contaminant in the air reacts with the indicator 
chemical, producing a stain, the length of which is proportional to the 
contaminant's concentration.  Care must be taken when using the detector 
tubes because reliability of the results depends on proper calibration, the 
degree of stability of the reacting chemical, and the ambient temperature.  
Interfering gases or vapors can also positively or negatively affect measured 
results.  Calibration should be carried out according to the manufacturer's 
instructions.           
 
A.5.2  Personal Monitoring:  Equipment, Maintenance, and Calibration 
 
Personal monitoring will be undertaken to characterize exposure of high-risk employees to 
hazardous substances encountered on-site.  The designation of an employee as high-risk 
will be the responsibility of the HSO in consultation with the HSS and or HSM.   
(*Identify the personal monitoring equipment to be used on-site, and the frequency that it 
will be employed [i.e., during initial site visit, daily at the start-up of operations, constantly 
during operations, or some combination thereof].  Examples of the types of personal 
monitoring equipment currently available for site operations follow.)   
 
o Gilian Personal Sampling Pumps:  These devices can be worn by an employee 
to draw air samples through appropriate collection media.  The units can be 
used to draw volumes from 2 to 3 liters per minute.  Calibration will be 
conducted using standard industrial hygiene protocols before and after each 
sampling session (i.e., each day's use).   
 
o Passive Dosimeters or Gas Badges:  These devices are non-mechanical 
collection devices used to monitor for organic vapors and various gases.  They  
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are worn by an employee and sent to an industrial hygiene laboratory for 
analysis.   
 
o Thermoluminescent Dosimetry (TLD) Body Badges:  These devices are non-
mechanical collection devices used to monitor for x-ray, beta, and gamma 
radiation exposure.  They are worn by an employee and sent to a qualified 
laboratory for analysis.   
 
A.5.3  Other 
 
(*Identify any other sampling equipment that will be used to evaluate potential employee 
exposures on-site.)   
 
A.6  DECONTAMINATION/DISPOSAL 
 
All personnel and/or equipment leaving contaminated site areas are subject to 
decontamination, which occurs in the CRZ (see Section A.3.1).  
 
A.6.1  Personnel Decontamination 
 
(*Enter information regarding the personnel decontamination equipment and requirements 
for the site based on the level of protection used.  A figure showing the decontamination 
line layout should be included; examples of figure types can be found in Appendix 1 of the 
USEPA Standard Operating Safety Guides.  The following words can be used as is or 
adjusted to the site.)   
 
Decontamination procedures must be followed by all personnel leaving hazardous waste 
sites.  When using Level A or B personal protection, decontamination will be a team effort, 
with the decontamination team at a level of protection equal to or one level lower than the 
work crew.  Under no circumstances (except emergency evacuation) will personnel be 
allowed to leave the site prior to decontamination.  Generalized procedures for removal of 
protective clothing are as follows:   
 
 1. Drop tools, monitors, samples, and trash at designated drop stations (i.e., 
plastic containers or drop sheets). 
   
 2. Step into the designated shuffle pit area and scuff feet to remove gross 
amounts of dirt from outer boots.  Wash down boots with clear water in the 
designated wash pit area.  If non-disposable clothing is used, wash down 
outer protective garments.   
 
 3. Remove tape from boots and remove boots; discard in disposal container.   
 
 4. Remove outer gloves and place in container.   
 
 5. Remove hardhat and respirator and place or hang in the designated area.   
 
6. Remove outer garment and discard in container.   
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 7. Remove inner gloves and discard in container.   
 
 8. If the site requires use of a decontamination trailer, all personnel must shower 
before leaving the site at the end of the work day.   
 
NOTE: Disposable items (i.e., Tyvek coveralls, inner gloves, and latex overboots) will 
be changed on a daily basis unless there is reason to change sooner.  Dual 
respirator canisters will be changed daily, unless more frequent changes are 
deemed appropriate by site surveillance data or personnel assessment.   
 
Pressurized sprayers or other designated equipment will be available in the 
decontamination area for wash down and cleaning of personnel, samples, and equipment.  
 
Respirators will be decontaminated daily and taken from the drop area.  The masks will be 
disassembled, the cartridges set aside, and all other parts placed in a cleansing solution.  
Parts will be pre-coded (e.g., #1 on all parts of Mask #1).  After an appropriate time in the 
solution, the parts will be removed and rinsed with potable water.  Old cartridges will be 
marked to indicate length of usage (i.e., if means to evaluate the cartridges' remaining 
utility are available) or will be discarded in the contaminated trash container for disposal.  
In the morning, the masks will be reassembled and new cartridges installed, if appropriate.  
Personnel will inspect their own masks and readjust the straps for proper fit.   
 
A.6.2  Small Equipment Decontamination 
 
(*Enter information that establishes decontamination procedures for small equipment [e.g., 
hand tools, radios, instruments, or other small non-disposable items the field crew might 
use downrange].  This could include bagging or wrapping of equipment prior to sending it 
downrange.  The following words can be used, as appropriate.)   
 
Small equipment will be protected from contamination as much as possible by draping, 
masking, or otherwise covering the instruments with plastic (to the extent feasible) without 
hindering operation of the unit.  For example, the HNU meter should be placed in a clear 
plastic bag to allow reading the scale and operating the knobs.  The HNU sensor should 
be partially wrapped, keeping the sensor tip and discharge port clear.   
 
The contaminated equipment will be taken from the drop area and the protective coverings 
removed and disposed of in appropriate containers.  Any dirt or obvious contamination will 
be brushed or wiped with a disposable paper wipe.  The units can then be taken inside in 
a clean plastic tub, wiped off with damp disposable wipes, and dried.  The units will be 
checked, standardized, and recharged as necessary for the next day's operation, and then 
prepared with new protective coverings.   
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A.6.3  Heavy Equipment Decontamination 
 
(*Enter information that defines how heavy equipment used on-site will be decontaminated 
before being permitted to leave the site.  This must include the mechanism for controlling 
and/or collecting the fluids used for heavy equipment decontamination.  A figure showing 
the layout of a heavy equipment decontamination station can be used.  The following 
words can be used, as appropriate.)   
 
It is anticipated that drilling rigs/backhoes will be contaminated during borehole/test-pitting 
activities.  They will be cleaned with high-pressure water or steam, followed by a soap-
and-water wash and rinse.  Loose material will be removed with a brush.  The person 
performing this activity will usually be at least at the level of protection utilized during the 
personnel and monitoring equipment decontamination.   
 
A decontamination pad will be constructed to allow collection and storage of contaminated 
decontamination fluids in Department of Transportation (DOT)-approved 55-gallon drums.   
A.6.4  Disposal of Decontaminated Materials 
 
(*All contaminated disposable clothing and decontamination fluids must be properly 
handled on-site.  For those sites where disposal has not yet occurred, these fluids and 
materials may be left on-site, when properly containerized.  At other sites, it may be 
necessary to containerize and dispose of the materials as Hazardous Wastes Solids or 
Hazardous Wastes Liquids not otherwise stated (n.o.s.).  As a result of the need to do 
something with these materials, this section must state how they will be handled and 
disposed of.  The following words can be used, as appropriate.)   
 
All protective gear, decontamination fluids (for both personnel and equipment), and other 
disposable materials will be disposed of at each site.  Decontamination fluids (i.e., 
methylhydrate [ethanol:methanol 9:1 v/v], used to decontaminate sampling equipment 
[e.g., split spoons and groundwater sampling pump]) will be stored in DOT-approved 55-
gallon drums.  Disposable materials (e.g., gloves and Tyveks) will be double-bagged and 
stored as is, or placed in DOT-approved 55-gallon drums.   
 
A.7  EMERGENCY/CONTINGENCY PLAN 
 
(*As now envisioned, this HASP would be used for operations at sites for Remedial 
Investigations/Feasibility Studies [RIs/FSs] or remediation efforts.  As such, the 
emergency/contingency plan required under 29 CFR 1910.120 would be for "on-site 
emergency response" only.  Much of the information required by 1910.120[i] is found in 
other sections of the HASP; therefore, only those items not previously addressed are 
included in this section.  In the event that such information is not considered necessary, 
specifically indicate this.  DO NOT LEAVE BLANKS IN THE HASP.) 
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This section identifies the emergency contingency planning undertaken for operations at 
this site.  Other sections provide further information to be used under emergency 
conditions.   
 
A.7.1  Personnel Roles, Lines of Authority, and Communications 
 
The site HSO is the primary authority for directing site operations under emergency 
conditions.  All communications both on- and off-site will be directed through the HSO.   
 
A.7.2  Evacuation 
 
(*The need to evacuate, and the location where site workers will be safe if an evacuation 
is necessary, will depend on the type of emergency [i.e., fire, explosion, chemical release, 
or personal injury].  Therefore, include information that identifies the contingency being 
planned for.  For example, in the event of a FIRE, when the decision to evacuate is made, 
personnel will evacuate upwind to location "X" and await further instruction.  In the event of 
a CHEMICAL RELEASE, when the decision to evacuate is made, personnel will move to 
an upwind position [as noted by a windsock] relative to the release.  The following words 
can be used, as appropriate.)   
 
A.7.2.1  Withdrawal Upwind 
 
The work party will continually note general wind directions while on-site.  (A windsock 
may be set up near the work site for visual determinations.)  When conditions warrant 
moving away from the work site, the crew will relocate upwind a distance of approximately 
100 feet or farther, as indicated by site monitoring instruments.  Donning a SCBA and a 
safety harness and line, the HSO or a member of the crew may return to the work site to 
determine if the condition noted was transient or persistent.  If persistent, an alarm should 
be raised to notify on-site personnel of the situation and the need to leave the site or don a 
SCBA.  An attempt to decrease emissions should be made only if greater respiratory 
protection is donned.  The HSO and client will be notified of conditions.  When site access 
is restricted, thus hindering escape, the crew may be instructed to evacuate the site rather 
than move upwind, especially if withdrawal upwind moves the crew away from escape 
routes.  
  
A.7.2.2  Site Evacuation 
 
When conditions warrant site evacuation, the work party will proceed upwind of the work 
site and notify the security force, HSO, and field office of site conditions.  If the 
decontamination area is upwind and greater than 500 feet from the work site, the crew will 
pass quickly through decontamination to remove contaminated outer suits.  If the hazard is 
toxic gas, respirators will be retained.  The crew will proceed to the field office to assess 
the situation.  If instrumentation indicates an acceptable condition, respirators may be 
removed.  As more information is received from the field crew, it will be relayed to the 
appropriate agencies.  The advisability and type of further response action will be 
coordinated and carried out by the HSO.   
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A.7.2.3  Evacuation of Surrounding Area 
 
When the HSO determines that conditions warrant evacuation of downwind residences 
and commercial operations, local agencies will be notified and assistance requested.  
Designated on-site personnel will initiate evacuation of the immediate off-site area without 
delay.   
 
A.7.3  Emergency Medical Treatment/First Aid 
 
(*Provisions must be made for adequate numbers of site personnel, trained to render first 
aid and CPR; these persons should be identified in this section.  Additionally, specific 
pages of the HASP, found in Section A.9, are designed as pull-outs for posting information 
[e.g., emergency telephone numbers and routes to medical services].) 
 
First aid will be rendered to any person injured on-site, as appropriate.  The injured person 
will then be transported to medical personnel for further examination and/or treatment.  
The preferred transport method is a professional emergency transportation service; 
however, when this is not readily available or would result in excessive delay, other 
transport is authorized.  Under no circumstances will injured persons transport themselves 
to a medical facility for emergency treatment.   
 
When an injury occurs in a downrange position, provisions for decontamination of the 
victim will be made.  However, life-threatening conditions may preclude normal 
decontamination procedures.  In such cases, arrangements will be made with the medical 
facility and transporter to provide for the situation.   
 
A.8.0  OTHER 
 
(*Enter information on other site topics that are not appropriately discussed in separate 
sections of the HASP.  All sections must be addressed.  If not applicable, state this.  DO 
NOT LEAVE BLANKS IN THE HASP.) 
 
A.8.1  Illumination 
 
Site operations will not be permitted without adequate lighting.  Therefore, unless 
provisions are made for artificial light, downrange operations must halt in time to permit 
personnel and equipment to exit the Exclusion Zone and proceed through 
decontamination before dusk.  Conversely, operations will not be permitted to begin until 
lighting is adequate.   
 
(*If artificial light is to be used, information about the types and deployment should be 
included.) 
 
A.8.2  Sanitation 
 
(*Provisions must be made for sanitation facilities for the site work force.  At a minimum, 
the provision of toilet facilities must meet the requirements of 29 CFR 1910.120(n), which 
include one facility for less than 20 employees; or one toilet and one urinal for every 40 
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employees, up to 200; then one of each for every 50 employees.  If it is a mobile crew and 
they have transport readily available, the requirements do not apply.) 
 
A.8.3  Excavation 
 
Site excavations created during site operations will be shored or sloped to prevent 
accidental collapse, and otherwise conducted in accordance with 29 CFR 1926 (Subpart 
P).  Under no circumstances will site personnel enter excavations that are not adequately 
shored or sloped.  When entry into an excavation does occur, and the excavation is 
considered a confined space, such an entry will be done in accordance with the confined 
space entry program (see Section A.8.4).   
 
A.8.4  Confined Space Entry 
 
Confined space entry presents special problems and substantial risks to involved 
personnel (*including those who might be called upon to attempt a rescue of initial 
entrants).  Therefore, entry into a confined space is a MEANS OF LAST RESORT, and 
will only be permitted where no other mechanism is feasible to achieve the desired goal.  If 
confined space entry is necessary, it will be conducted under provisions outlined in 
Attachment 1.   
 
A.8.5  OSHA Poster 
 
OSHA requires employers to post the "Job Safety and Health Protection" poster in a 
conspicuous place where notices to employees are customarily posted.  This includes 
trailers at job sites.  The purpose of the poster is to inform employees of their rights under 
the Occupational Safety and Health Act.  Figure A-1 contains a copy of this poster.   
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A.9  ADMINISTRATIVE 
 
A.9.1  Personnel Authorized Downrange 
 
Personnel authorized to participate in downrange activities at this site have been reviewed 
and certified for site operations by the Site Manager and HSS.  Certification involves the 
completion of appropriate training, a medical examination, and a review of this site-specific 
HASP.  All persons entering the site must utilize the buddy system, and check in with the 
Site Manager and/or HSO before proceeding downrange.   
 
Certified ABC Engineering Co. Team Personnel: 
 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
 
Other Certified Personnel 
 ________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
________________________________   ________________________________ 
 
* Current First Aid Training 
+ Current CPR Training 
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A.9.2  Health and Safety Plan Approvals 
 
By signature, the undersigned approve this HASP for applicability in the protection of the 
health and safety of all persons entering the (identify the site).   
 
_________________________________________     _________________ 
Health and Safety Officer     Date 
 
 
_________________________________________     _________________ 
Project Manager       Date 
 
 
 
_________________________________________    _________________ 
ABC Engineering Co. Health and Safety   Date 
Manager/Supervisor 
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A.9.3  Emergency Telephone Numbers 
 
(Local) Police Department             (   )    - 
 
(Local) Rescue Service       (   )    - 
 
(*insert name of primary) hospital     (   )    - 
 
(*insert name of secondary) hospital     (   )    - 
 
(Local) Fire Department       (   )    - 
 
Off-site Emergency Services      (   )    - 
 
National Poison Control Center      (800) 492-2414 
 
Massachusetts Poison Control Center    (800) 682-9211 
 
National Response Center      (800) 424-8802 
 
Regional USEPA Emergency Response    (   )    - 
 
Chemical Manufacturers Association  
 
Chemical Referral Center      (800) 262-8200 
 
Site Health and Safety Officer:   
 (* enter name of HSO)      (   )    - 
 
Site Manager:  (*insert name)      (   )    - 
 
Regional Health and Safety Supervisor:   
 (*insert name)       (   )    - 
 
ABC Environmental Co. Health and Safety Manager:    (   )    - 
 (*insert name) 
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A.9.4  Routes to Emergency Medical Facilities 
 
Primary source of medical assistance for the (* identify the site):  
 
 (* identify medical facility) 
 
 (* insert address of medical facility) 
 
 (* insert telephone number to contact the medical facility for emergency transport to 
the facility) 
 
Directions to primary source of medical assistance: 
 
 (* insert directions to primary medical facility) 
 
Alternate source of medical assistance:   
 
 (* identify alternate medical facility) 
 
 (* insert address of alternate facility) 
 
 (* insert telephone number to contact the medical facility or emergency transport to 
the facility) 
 
Directions to alternate source of medical assistance: 
 
 (* insert directions to alternate medical facility) 
 
(* Insert area map showing routes to primary and alternate medical facilities, on a separate 
page if necessary.)   
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A.9.5  Emergency Signals 
 
In most cases, field personnel will carry portable radios for communications.  If this is the 
case, a transmission that indicates it is of an emergency nature will take priority over all 
other transmissions.  All other site radios will yield the frequency to the emergency 
transmissions.   
 
Where radio communication is not available, the following air-horn signals will be used:   
 
HELP    three short blasts       (. . .)  
 
EVACUATION  three long blasts     (___ ___ ___) 
 
ALL CLEAR  alternating long and short blasts   (___.___.___) 
 
 
(* Enter any other site-specific emergency signals deemed necessary.) 
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A.9.6  Field Team Review 
 
I have read and reviewed the HASP for the (* identify the site), understand the information 
contained, and agree to comply.   
 
 
 
Site/Project: ________________________________________________ 
 
 
 
Name:   ________________________________ Date:  ______________ 
        (Please Print) 
 
 
 
Signature: ___________________________________________________ 
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A.9.7  Medical Data Sheet 
 
This Medical Data Sheet will be completed by all on-site personnel and will be kept in the 
Support Zone during site operations.  It is in no way a substitute for the Medical 
Surveillance Program requirements consistent with the ABC Engineering Co. Health and 
Safety Program for Hazardous Waste Sites.  This data sheet will accompany any 
personnel when medical assistance or transport to hospital facilities is required.  If more 
information is required, use the back of this sheet.   
 
Project: _________________________________________________________________ 
 
Name: __________________________________________________________________ 
 
Address: ________________________________________________________________ 
 
Home Telephone: (   )_______________________ 
 
DOB: ______________   Height: _________  Weight: _____________ 
 
In case of emergency, contact: _______________________________________________ 
                                                                          (print name) 
 
Address: ________________________________________________________________ 
 
_________________________________________________________ 
 
Telephone (Day): (   ) ______________________________________________________ 
 
Telephone (Night): (   ) _____________________________________________________ 
 
Do you wear contacts?    (   ) Yes            (   ) No 
 
Allergies: ________________________________________________________________ 
 
List medication taken regularly: ______________________________________________ 
 
Particular sensitivities: _____________________________________________________ 
 
Previous/recent illnesses or exposures to hazardous chemicals: 
______________________________________________________________ 
 
Name of Personal Physician _________________________________________________ 
 
Telephone: (   ) ___________________________________________________________ 
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Table A-1 
 
CHRIS DATA SHEETS/MATERIAL SAFETY DATA SHEETS 
 FOR CONTAMINANTS OF CONCERN 
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ATTACHMENT 1 
 
 CONFINED SPACE ENTRY PROCEDURES 
 
 
 
 Refer to 
 "Confined Space Entry Program" for further information 
 
 (TO BE INCLUDED WITH THE HASP FOR 
 ALL CONFINED SPACE ENTRY WORK) 
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CONFINED SPACE CLASSIFICATION 
 
Confined spaces are classified according to their existing or potential chemical and 
physical hazards.  Classification is based on characteristics of the confined space, 
oxygen level, flammability, and toxicity.  The following table defines the parameters of 
each classification.  If any of the hazards present a situation that is "Immediately 
Dangerous to Life and Health" (IDLH), the confined space is classified as Class A.  
Classification is determined by the most hazardous condition of entering, working in, and 
exiting a confined space.  Class B confined spaces have the potential for causing injury 
and illness but are not IDLH.  Class C entry is one in which the chemical hazard 
potential is minimal and does not require any special modification in work procedures. 
(See Table A-2) 
 
ENTRY PROCEDURES 
 
Team Size.  A minimum of three workers is required for each confined space activity:  
two entry and one standby; or one entry, one rescue, and one standby.  If the former is 
used, all three must be ABC Engineering Co. employees.  If the latter is used, the 
standby could be a non-ABC Engineering Co. team member, assuming he/she has 
comparable training, is proficient in the assigned duties, and is capable of using all 
safety equipment.   
 
The one entry/one rescue/one standby arrangement should only be used when the 
confined space is relatively small and/or the entry person will be in the line of sight at all 
times.  In this instance, the rescue person acts as the second person in the "buddy 
system."   
 
The two entry/one standby arrangement is used when the area of the confined space is 
larger, and the tasks may take the worker away from the entryway.  Again, care must be 
taken with this arrangement because the standby person cannot enter the confined 
space and attempt rescue unless adequately protected (i.e., respiratory and dermal) and 
replaced by another qualified standby person.   
 
This number of workers is the minimum required for these activities and, in most cases, 
should only be used for relatively nonhazardous confined spaces.  Additional crew may 
be needed if entering a Class A or B confined space.  Additional crew could include 
rescue, decontamination, and line-of-sight personnel.   
 
General Entry 
 
1.      Inspect all pieces of equipment to ensure they are in good working order.  DO NOT 
ENTER A CONFINED SPACE WITH DEFECTIVE EQUIPMENT.   
 
2.     Conduct a background check to identify all potential hazards that may be 
encountered in the confined space.  Determine if there is a potential for fire/explosion 
hazards, as well as a potential for a toxic or oxygen-deficient atmosphere.   
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3. Test the atmosphere inside the confined space before entry.  An attempt should be 
made to test the atmosphere without opening the entryway (i.e., through a vent line 
or a small opening).  If the entryway must be opened to test, and only low levels 
are expected in the confined space, crack open entryway, test breathing zone first, 
and then test the confined space.  If potentially high levels are expected in the 
breathing zone, respiratory protection should be worn prior to opening the entryway 
cover.   
 
4. Purge or ventilate the confined space prior to entry, if explosive, toxic, or oxygen-
deficient atmosphere is detected.  Retest the atmosphere three times at 5-minute 
intervals.  A person can enter the confined space without respiratory protection 
only if all three test results are below the Permissible Exposure Limit/Threshold 
Limit Value (PEL/TLV), 10 percent of the Lower Explosive Limit (LEL), and above 
19.5-percent oxygen (all three conditions must be met).   
 
 (NOTE:  Any downward deflection of the readings on the oxygen meter from 
background (i.e., 20.9 percent) should be viewed as a potential for an IDLH 
atmosphere.  Unless contaminants are known to be nontoxic, do not enter the 
confined space without respiratory protection if the oxygen level is below 
background.)   
 
5. Blank, block, or otherwise isolate, lockout, and tag all chemical, physical, and/or 
electrical hazards wherever possible.   
 
6. Monitor the air on a continuous basis, if using an air-purifying respirator or if an 
IDLH and/or explosive atmosphere exists.  If respiratory protection is not used and 
there is potential for atmospheric conditions to change due to work practices or 
conditions, air monitoring should be done periodically.  In all these cases, a 5-
minute escape pack must be used.   
 
7. Record all results of the tests for hazardous conditions including the location, time, 
date, weather (if applicable), and readings on the PID, combustible gas meter, 
oxygen deficiency meter, Draeger tubes, and any other equipment used on the 
"Confined Space Entry Checklist-General Entry" form.  Send a copy of the 
completed form to the Health and Safety Supervisor (HSS).   
 
8. Wear appropriate clothing for site conditions, as determined by the Health and 
Safety Officer (HSO).   
 
9. Wear a safety belt or harness with lifeline if hazardous conditions exist. If the 
diameter of the entryway is less than 18 inches, the wrist-type harness must be 
used and special provisions made if a supplied-air respirator is necessary.   
 
10. One person (standby) must remain at the entryway at all times and must keep 
continuous contact with the person entering the confined space.  Contact can be 
maintained by line of sight, listening for sounds, the safety line, and/or radio.  The 
standby person must not enter the confined space unless another trained person 
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is available to act as standby, and he/she is equipped with adequate respiratory 
and dermal protection.  (In most cases, respiratory protection would be an airline 
respirator or self-contained breathing apparatus [SCBA].)   
 
11. Do not smoke when working in or near confined spaces and do not take flash-
lighted photographs when explosive gases are known or suspected to be present.   
 
12. Do not rely on permanent ladders because they are often in poor condition.  If they 
must be used, be sure of footing.  Inspect permanent ladders for deterioration 
before entering and while descending.  Try each step with one foot, while standing 
on the step above.  When in doubt, use a portable ladder of adequate height to 
reach 3 feet above opening, or a rope ladder, or lower the entry person using the 
tripod.  If a portable ladder is used, it should be tied off, if possible; otherwise, it 
should be held in place by the standby person.   
 
13. Do not work with inadequate lighting.  Use only "explosion-proof" lights or hand 
lamps.   
 
14. The entry person must not remain in the confined space if he/she becomes even 
slightly drowsy, faint, dizzy, or otherwise uncomfortable.  Many of the gases that 
cause the most problems are odorless, tasteless, and invisible.   
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Manhole/Sewer Entry 
 
When preparing to enter a manhole/sewer, the following safety measures must be taken:  
 
1. Inspect all pieces of equipment to ensure they are all in good working order.  DO 
NOT ENTER CONFINED SPACE WITH DEFECTIVE EQUIPMENT.   
 
2. Park the vehicle near the manhole (do NOT leave the vehicle running).  If the 
manhole is in the street, it is best to park so as to detour oncoming traffic around 
the manhole.  The vehicle's emergency flashers and portable yellow warning 
beacon must be ON.  The vehicle serves as protection from oncoming traffic, can 
be used to store emergency equipment (e.g., SCBA and first aid kit), and can be 
used in an extreme emergency to slowly pull an injured person from the confined 
space if a tripod with hoist attachment is unavailable or inoperative.   
 
3. Erect portable barricades or cones around the manhole and in front of the vehicle 
to divert traffic and prevent pedestrians from falling in.  Reflective vests should be 
worn so that workers are visible to approaching traffic.   
 
4. If there are openings large enough to admit sampling tubes, test for the presence 
of explosive and toxic gases before removing each manhole cover.  Otherwise, 
raise one side of the cover using the cover hook or pick, prop it slightly open, and 
conduct the tests.   
 
5. If toxic or explosive gases are detected in the sewer, report this immediately to the 
local fire department and/or department of public works.   
 
6. Record the results of tests for hazardous conditions, including location, manhole 
number (if applicable), time and date, weather (if applicable), and the readings on 
the photoionization detector (PID), combustible gas meter, oxygen deficiency 
meter, and Draeger tube on the Manhole/Sewer Entry Log Form.  Send a 
completed copy of the form to the HSS.   
 
7. Remove manhole covers with a cover hook or pick; do not improvise.  Be careful 
of fingers and toes; covers are usually heavy and difficult to handle.  Unless the 
cover is extremely heavy, it is safer for only one worker to handle it.   
 
8. Test the atmosphere; if toxic, flammable, or oxygen-deficient, ventilate the sewer.  
Depending on the hazard, ventilation can be accomplished in a variety of ways:  
for example (1) remove and vent the adjoining upstream and downstream 
manhole covers, as soon as possible, and well in advance of entering the manhole 
(high hazard); and (2) vent the manhole in which entry will occur (very low haz-
ard).  If a blower is used, it is desirable to establish a flow of air in the sewer, in 
one manhole and out another.  Ensure that the air intake is well away  
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from automobile exhaust, and combustible and/or toxic atmospheres.  Appropriate 
traffic control measures must be taken by barricading or otherwise marking the 
open manholes.   
 
9. After ventilating, test for explosive and toxic gases and oxygen deficiency in the 
manhole at ground level and at the bottom; record results.  If entering the sewer 
itself, make the same tests at the manholes at either end.  If ventilation is 
necessary, monitor the atmosphere in the manhole while work progresses, or 
continue operation of the blower.  Continuous monitoring (i.e., equipment ON 
during entire entry) is imperative because conditions within the sewer may change 
rapidly.  Do not enter a manhole while there is an oxygen deficiency without a 
pressure-demand, air-supplied breathing apparatus.  If the oxygen level is lower 
than 20.9 percent of background, caution must be taken because an IDLH 
atmosphere may exist.   
 
10. When entering manholes or tanks, wear a hardhat, protective clothing, and, when 
required, appropriate respiratory protection and safety belt or harness with lifeline.  
If the manhole is less than 18 inches in diameter, a wrist-type harness must be 
used and special provisions made if air-supplied respirators are necessary.  When 
working in manholes greater than 12 feet deep, in the sewer itself, or where 
potential exists for gases to appear unexpectedly, a 5-minute emergency egress 
air supply is required (unless the time required to don the emergency respirator is 
greater than what would be needed to exit the manhole).   
 
11. At least one person (i.e., standby) must remain at the manhole at all times and 
must keep continuous contact with the person entering the sewer.  Contact can be 
maintained by line of sight, listening for sounds, and the safety line and/or radio.  
The standby person must not enter the manhole unless another trained person is 
available to act as standby and has adequate respiratory and dermal protection 
available.  (In most cases, respiratory protection will be an airline respirator or 
SCBA.)  The standby/rescue person should be suited up (but not yet on air) before 
the work crew enters the confined space.   
 
12. Do not smoke when working in or near manholes.  Do not take flash-lighted 
photographs when explosive gases are known or suspected to be present.   
 
13. Do not rely on the manhole ladders because they are often in poor condition.  If 
they must be used, be sure of footing.  Inspect manhole ladders for deterioration 
before entering and while descending.  Try each step with one foot, while standing 
on the step above.  When in doubt, use a portable ladder of adequate height to 
reach 3 feet above the manhole opening, or lower the entry person using the 
tripod.  If a portable ladder is used, it should be tied off if possible; otherwise, it 
should be held in place by the standby person.   
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14. Do not work without adequate lighting.  Use only "explosion-proof" lights or hand 
lamps in the manhole or sewer.   
 
15. The entry person must not remain in the manhole or sewer if he/she becomes 
even slightly drowsy, faint, dizzy, or otherwise uncomfortable.  Remember that 
carbon monoxide, carbon dioxide, methane, and hydrogen sulfide, which cause 
the most trouble, are odorless, tasteless, and invisible.  Hydrogen sulfide has a 
distinct odor only during initial exposure.   
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ATTACHMENT 2 
 
 
HEALTH AND SAFETY AUDIT CHECKLIST 
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HEALTH AND SAFETY AUDIT CHECKLIST 
 
 
Site Name __________________________________  Date _________ 
 
GENERAL       YES  NO   COMMENTS  
 
HASP on-site?      ___  ___  ______________  
 
Completely signed off and    ___  ___  ______________ 
approved?  
 
Only employees listed and approved   ___  ___  ______________  
in HASP on-site?  
 
All personnel properly trained?   ___  ___  ______________                       
All personnel in health monitoring?   ___ ___ ____________  
 
Zones established?     ___  ___  ______________ 
 
Unusual situations on-site, not    ___  ___  ______________ 
listed in HASP?  
 
 What?___________________________________________________  
 
 Action taken?______________________________________________  
 
      Hasp revised?____________________________________________  
 
Are daily tool-box meetings held?   ___ ___ ____________  
    
OSHA poster posted in trailer?   ___  ___  ______________ 
 
If night work is to be conducted,   ___  ___  ______________ 
adequate illumination?  
 
Proper sanitation facilities?    ___  ___  ______________ 
  
 
PERSONAL PROTECTIVE EQUIPMENT       
 
Proper PPE being worn as specified   ___ ___  ______________ 
in the HASP? 
 
PPE adequate for work conditions?   ___  ___  _______________ 
 
     If no, reason? ______________________________________________  
 
 up/down grade to PPE level__________________________________ 
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PERSONAL PROT. (cont.)                    YES  NO   COMMENTS 
 
Facial hair which would interfere        ___  ___  _______________ 
with fit of respirators?   
 
If Level B, backup/emergency person  ___  ___  _______________ 
suited up (except for air)?  
 
HSO periodically inspects PPE &        ___  ___  _______________ 
equipment?                                
 
PPE not in use properly stored?         ___  ___  _______________ 
   
EMERGENCY RESPONSE 
 
Emergency response plan part of           ___  ___  _______________ 
HASP?   
 
Emergency procedures discussed            ___  ___  _______________ 
during tool-box meetings? 
 
Vehicle available on-site for         ___  ___  _______________ 
transportation to the hospital? 
 
Fire extinguishers on-site?             ___  ___  _______________ 
  
At least two persons trained in CPR   ___  ___  _______________ 
and first aid on-site at all times? 
 
All personnel know who is trained?        ___  ___  _______________ 
  
Emergency evacuation conducted?        ___  ___  _______________ 
   
     Reason______________________________________________________        
 
Level of evacuation: 
 
   Withdrawal upwind                       ___  ___  _______________ 
 
   Site evacuation                         ___  ___  _______________ 
  
   Evacuation of surrounding              ___  ___  _______________ 
   area  
 
First-aid kit on-site?                  ___  ___  _______________ 
  
 Adequately stocked?                 ___  ___  _______________ 
   
 Inspected weekly?                  ___  ___  _______________ 
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EMERGENCY RES. (cont.)                     YES  NO   COMMENTS 
 
Emergency eye-wash on-site?              ___  ___  _____  ___   
 
Emergency shower on-site?             ___  ___  ______________ 
 
Stretcher on-site?                         ___  ___  ______________ 
 
Emergency numbers posted in trailer?   ___  ___  ______________  
 
DECONTAMINATION    
 
Decontamination line set up properly?   ___  ___  ______________ 
   
Proper cleaning fluid used for known       ___  ___  ______________ 
or suspected contaminants? 
 
Proper decontamination procedures used?   ___  ___  ______________ 
 
Decontamination personnel wearing          ___  ___  _____________  
proper PPE? 
 
Equipment decontaminated?              ___  ___  _____________  
 
Disposable items changed at least       ___  ___  ______________ 
daily and more often if needed?  
 
Proper collection and disposal of          ___  ___  ______________ 
contaminated PPE? 
 
Proper collection and disposal of        ___  ___  ______________ 
decontamination fluid? 
 
Water available for decontamination?   ___  ___  ______________   
MONITORING EQUIPMENT                 
 
All equipment listed in HASP on-site?  ___  ___  ______________ 
 
Properly calibrated?                  ___  ___  ______________ 
 
In good condition?                       ___  ___  ______________ 
  
Used properly?                             ___  ___  ______________ 
 
Other equipment needed?                 ___  ___  ______________ 
 
 List________________________________________________________  
 
Monitoring equipment covered with  
plastic to minimize contamination?         ___ ___  ______________ 
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WORK PRACTICES                             YES  NO   COMMENTS 
 
Buddy system used?      ___  ___  _________ 
 
Equipment kept off drums and ground?   ___  ___  __________ 
  
No kneeling or sitting on drums or    ___  ___  __________ 
ground? 
 
Personnel avoid standing or walking        ___  ___  ___________ 
through puddles or stained soil? 
 
No smoking, eating, or drinking in    ___  ___  ___________ 
the Exclusion Zone or CRZ? 
 
To the extent feasible, contaminated    ___  ___  ____________ 
materials handled remotely? 
 
No contact lenses allowed on-site?         ___  ___  ____________ 
 
No entry into excavations unless           ___  ___  ____________  
properly shored or sloped?  
 
CONFINED SPACE ENTRY                  
 
All confined spaces identified?     ___  ___  ____________ 
 
 If not, list______________________________________________  
 
All appropriate equipment available    ___  ___  ____________ 
and in good working order? 
 
Equipment properly calibrated?     ___  ___  ____________ 
 
Confined Space Checklists used?            ___  ___  _____________ 
 
Checklists completely and                   ___  ___  _____________ 
correctly filled out?   
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DOCUMENTATION AND RECORDKEEPING        YES  NO   COMMENTS 
 
Daily field records kept by the           ___  ___  _____________ 
Site Manager? 
 
Site surveillance records kept by HSO?      ___  ___  ______________ 
 
Daily safety log kept by HSO?               ___  ___  ______________ 
 
 
 
 
 
 
 
___________________________________  __________________________ 
 Health and Safety Supervisor         Date 
 
 
 
 
 
___________________________________  ___________________________ 
 Health and Safety Officer         Date 
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 EFFECTIVENESS OF PROTECTIVE MATERIALS AGAINST 
CHEMICAL DEGRADATION (BY GENERIC CLASS)1 
 
 
______________________________________________________________________ 
 
                      Butyl    Polyvinyl                Natural 
Generic Class       rubber   Chloride    Neoprene    rubber 
 
Alcohols             E         E          E           E 
 
Aldehyde            E-G        G-F        E-G         E-F 
 
Amines               E-F        G-F         E-G         G-F 
 
Esters                G-F        P           G            F-P 
 
Ethers                G-F        G           E-G         G-F 
 
Fuels                       F-P        G-P          E-G         F-P 
 
Halogenated          
 hydrocarbons         G-P        G-P          G-F         F-P 
 
Hydrocarbons        F-P       F            G-F         F-P 
 
Inorganic        
 acids               G-F        E            E-G         F-P 
 
Inorganic bases 
 and salts            E         E            E            E 
 
Ketones              E         P           G-F         E-F 
 
Natural fats 
 and oils            G-F      G           E-G         G-F 
 
Organic acids         E          E            E            E 
 
____________________________________________________________________ 
 
1  E - Excellent    F - Fair 
   G - Good         P - Poor 
 
Source:  Survey of Personal Protective Clothing and Respiratory Apparatus. DOT, 
USGS, Office of Research and Development (September 1974). 
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 3.1  EXPLORATORY TEST PITS 
 
3.1-1  PURPOSE 
 
Test pits and trenches are excavated by backhoe equipment to provide 
detailed visual examination of near-surface soil, ground water, and bedrock 
conditions.  The depth of excavation depends on site conditions and type of 
equipment used. The major advantages of test pits over soil borings are as 
follows: 
 
o The near-surface stratigraphy is exposed, facilitating sample 
collection and recovery and logging of soil, water level, and bedrock 
surface. 
 
o Information is provided on the lateral and vertical extent of subsurface 
features. 
 
o Test pits are usually cost-effective over this depth, and equipment is 
readily available. 
 
The size of the backhoe equipment and the procedures to be 
employed are influenced by the type of information to be obtained, 
anticipated level of contamination (if any), and depth of excavation 
required.  Site-specific safety issues (i.e., test pit stability, 
contamination potential, and impacts on ground water) should be 
considered when designing a test pit program.  Installation of 
observation wells in test pits is not recommended; if installed, they 
should be used for water level data only, not water quality sampling. 
 
3.1-2  METHODOLOGY 
 
The following sections summarize the methodology for test pit explorations, 
including excavation, hazardous waste protocols, logging and sampling, and 
backfilling. 
 
3.1-2.1  Excavation 
 
Prior to the start of the test pit program, all potential test pit locations should 
be laid out to the nearest foot.  The presence or absence of underground 
utilities should be determined before excavation begins.  DIG-SAFE should 
be contacted to clear utilities within a public right-of-way (1-800-DIG-SAFE).  
All utility companies with potential underground services should be contacted; 
approval by their representatives should be secured prior to excavation at 
individual test pit locations.  In urban areas, this may require obtaining 
permits from the city or town of jurisdiction. 
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The sampler and backhoe operator should plan each test pit excavation. The 
backhoe operator should excavate the test pit in several increments of depth.  
After each increment, the operator should wait while the sampler inspects the 
test pit to decide if conditions are appropriate for sampling.  Practical depth 
increments generally range from 1 to 4 feet. The backhoe operator, who will 
have the best view of the test pit, should cease digging if any of the following 
conditions are encountered: 
 
o Distinct changes in stratigraphy or materials. 
o Odors. 
o Ground water or fluid-phase contaminants. 
o Drums or other potential waste containers. 
o Utility lines not previously identified. 
 
These actions are necessary to permit proper logging and sampling of the 
test pit, and to prevent a breach in safety protocol.  For example, if seepage 
or fluids are encountered, they could be sampled after suitable screening and 
monitoring.  Waste and sludge deposits could likewise be sampled before 
proceeding.  If uncollapsed drums are encountered, extreme caution must be 
exercised.  The test pit should be terminated, an expert in drum removal 
should be engaged, and a new test pit should be dug at an adjacent location. 
 
3.1-2.2  Hazardous Waste Protocols and In-pit Safety 
 
To expedite sampling and recordkeeping efforts, and to minimize periods of 
potential exposure during test pit excavation, the sampling crew should have 
sufficient tools and equipment to sample each pit thoroughly without requiring 
decontamination.  The backhoe and tools should be decontaminated between 
excavation of each test pit.  Decontamination procedures described in 
Section 3.3 are appropriate for backhoe equipment.  The backhoe bucket and 
boom should be decontaminated as required before excavation of each test 
pit at a central staging location.  If necessary, decontamination wash water 
should be collected and stored on-site. 
 
The actual area of each test pit, temporary staging area, and spoils pile will 
be predicated on site conditions and wind direction at the time the test pit is 
made.  Contaminated spoils should be segregated from clean spoils during 
stockpiling. 
 
The preselection and use of hand and horn signals is important during 
completion of test pits due to noise levels around the backhoe.  The sampling 
crew and backhoe operator should rehearse appropriate signals ahead of 
time and be thoroughly familiar with their meanings.  All personnel should be 
equipped with air-blast horn devices, especially when wearing respiratory 
safety gear, which hinders communication. 
 
During test pitting, an organic volatile analyzer must continuously monitor for 
any releases to the environment in the work area and at the facility boundary, 
as appropriate.  Sampling and logging should be done from the ground near 
the test pit surface unless levels of organics, explosive gases, and oxygen 
Section 3.1 
Page 3 
January 1991 
           
 
 
are within acceptable limits.  These levels should be measured in the field 
using field-screening equipment. 
   
Under no circumstances should an individual enter a test pit deeper than 5 
feet unless side slopes have been cut back to acceptable Occupational 
Safety and Health Administration (OSHA) standards, and an experienced 
geologist or engineer has determined the pit safe to enter.  Material 
excavated from the pit should be piled far enough from the edge of the 
excavation so that pit stability will not be influenced by the weight of this 
surcharge. 
 
At potentially hazardous waste sites, the individual entering the test pit should 
be equipped with safety gear as required by the conditions in the pit, usually 
Level B.  The individual should be affixed to a safety rope and continuously 
monitored while in the pit by a second individual at ground surface.  The 
second individual should be fully dressed in protective clothing (including a 
self-contained breathing device) and standing by during all pit entry 
operations.  The individual entering the pit should remain for as brief a period 
as practical.  Further details on this subject are described in Section 2.3, 
Health and Safety Plans. 
 
Sampling of unopened buried drums is excluded from these exploratory test 
pit protocols.  Such work should be undertaken on a site-specific basis 
utilizing appropriate safety and sampling protocols for each instance. 
 
3.1-2.3  Logging and Sampling Procedures 
 
3.1-2.3.1  Logging 
 
Features exposed in the test pits should be logged as they are excavated.  
Records of each test pit should be made on prepared forms or in a field 
notebook.  If the log is made in a fieldbook, it should be transcribed to a 
prepared form.  The records should contain plan and profile sketches of the 
test pit showing materials encountered, their depth and distribution, and, if 
necessary, sample locations.  Two examples of test pit record forms are 
shown in Figures 3.1-1 and 3.1-2. These forms provide for entry of necessary 
sampling, monitoring, and subsurface data for each test pit in a concise and 
uniform manner, and provide a cross-check with chain-of-custody records 
and sample label counts.  If hazardous materials are anticipated or 
encountered, the records should also include safety and screening 
information. 
 
If necessary, a grid system should be used on the face of the test pit to 
facilitate the measurement and distribution of strata and samples.  Soils and 
rock should be classified in accordance with procedures outlined in Sections 
3.5 and 3.7.  At a minimum, the test pit log should include the following 
information: 
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o Plan and profile sketches of the test pit showing materials 
encountered, the depth and distribution of these materials in the test 
pit, and sample location. 
 
o Sketch of the test pit location showing permanent and identifiable 
location marks. 
 
o Photographs of test pit walls or excavated material. 
 
o The size, quantity, and type of boulders and fill materials excavated 
from the pit. 
 
o Representative samples, as required. 
 
o The presence or absence of ground water or surface water entering 
the pit, and a record of the approximate rate of flow. 
 
o The nature and character of bedrock, including attitudes of bedding 
and discontinuities, as well as relative structural features (a 
supplemental sketch may be of value). 
 
o A record of voids, stability, and density of the materials encountered, 
and obstructions to excavation. 
 
o Torvane and/or pocket penetrometer readings, which should be 
obtained as field measurements of shear strength where cohesive 
soils are encountered. 
 
o Safety and screening information, if hazardous materials are 
anticipated or encountered. 
 
o Notation of reason for terminating the test pit. 
 
3.1-2.3.2  Sampling 
 
The actual depth and type of samples to be collected from each test pit 
should be selected prior to the initiation of the test pit program, if sufficient 
information exists, or at the time of test pit excavation.  Sufficient samples 
should be obtained to adequately characterize the soil stratigraphy through 
laboratory index testing (i.e., moisture content, organic content, grain-size 
distribution, hydrometer analysis, and Atterberg limits).  If hazardous 
materials are anticipated or encountered, the sampling should be sufficient to 
adequately characterize the contaminant distribution as a function of depth 
for each test pit. Additional samples of each waste phase and any fluids 
encountered in each test pit may be collected.  Due to uncontrolled exposure 
to the atmosphere, samples collected from test pits will not be suitable for 
analysis of volatile organic compounds. 
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To sample a pit two methods can be used: 
   
o Samples are withdrawn from the test pit using the backhoe bucket. 
 
o Samples are obtained from within the test pit. 
 
The method to be used should be selected in the field at the time the test pit 
is sampled. 
 
  (a)  Samples of Soil and Fluids Obtained from the Backhoe  Bucket   
The sampler or crew chief should direct the backhoe operator to 
remove material from the selected depth or location within the test 
pit.  The bucket should be brought to the surface and moved away 
from the pit edge.  If hazardous substances are encountered, the 
sampler should approach the bucket and monitor its contents with 
a photoionization meter.  If granular or loose soils and/or uniform 
materials are encountered, a sample can be obtained directly from 
the bucket.  The sample should be collected from the center of the 
bucket and placed in sample jars using a clean, decontaminated 
trowel or spatula. 
   
  If cohesive or multiphase conditions are encountered (i.e., the 
bucket contains a mixture of granular soil and cohesive soil or 
sludge), the sampler should proceed as above, if practical.  If not, 
the sampler should direct the backhoe operator to empty the bucket 
on the ground.  Samples should be obtained from the interior of soil 
clods or lumps of cohesive soils or sludge using a clean trowel or 
spatula. 
   
 (b)  Samples Obtained from Within the Test Pit.  Samples can be 
obtained directly from the test pit providing it is safe to enter.  This 
sample procedure may be necessary when soil conditions 
preclude obtaining suitable samples from the backhoe bucket 
(e.g., caving or excessive mixing of soils or wastes within the test 
pit, or when samples from relatively small discrete zones within 
the test pit are required).  This method may also be required to 
sample seepage occurring at discrete levels or zones within the 
test pit.  Under these circumstances, samples should be obtained 
with extendable-handle tools: scrapers, trowels, spoons, or cups. 
The face of the test pit should be scraped to remove the smeared 
zone that has contacted the backhoe bucket.  The material to be 
sampled (if a solid) should then be removed from the test pit wall 
by clean, long-handled scoops or trowels, and placed in sample 
jars. 
   
 If a composite sample is required, several depths or locations 
within the pit should be selected, and a stainless steel bucket 
should be filled from each area.  A soil sample of known volume 
should be obtained from each bucket, emptied onto a mixing 
surface (e.g., stainless steel pan or plastic sheet), and 
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thoroughly mixed before being placed in sample jars.  The 
mixing surface should then be decontaminated or discarded; 
the spoils should be backfilled in the test pit. 
  
3.1-2.4  Backfilling 
 
A test pit should be backfilled immediately after its completion.  The 
backfilling should be performed in maximum 18-inch lifts, and bucket-tamped 
or track-rolled by the equipment.  No test pit should ever be left open 
overnight when a site is unattended. 
 
Upon completion of the test pit, the excavated materials should be replaced 
in more or less the same stratigraphic order.  If highly contaminated soil were 
encountered at or near the surface, they should be replaced near the surface 
with a clean soil cover.  In cases where gross contamination by hazardous 
materials is encountered at an otherwise uncontaminated location it is safer 
and more cost-effective to segregate the grossly contaminated soil for off-site 
disposal and fill the test pit with clean, uncontaminated soil.  During sampling 
and logging of each pit, the backhoe operator and all nearby site personnel 
should remain upwind or crosswind of the test pit and spoils pile.  Wind 
direction should be monitored by a windsock or other banner located in a 
prominent position visible to all personnel. 
 
3.1-3  EQUIPMENT NEEDED 
 
o personal protection equipment and clothing 
 
o excavator (size and type dependent on depth and accessibility) 
 
o hand shovel 
 
o 100-foot cloth tape 
 
o 6-foot rule 
 
o pocket penetrometer and torvane 
 
o bags and/or 5-gallon pails with labels 
 
o stakes and flagging 
 
o camera 
 
o indelible pen 
 
o site plans and forms 
 
o pumps (if dewatering is necessary) 
 
o compaction equipment (if required for backfilling purposes) 
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o decontamination equipment for excavator and sampling equipment (if 
hazardous materials are anticipated) 
 
o clean backfill if necessary 
 
o PVC sheeting   
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Section 3.2  DRILLING TECHNIQUE 
 
3.2-1  PURPOSE 
 
Prior to selecting the drilling technique for a specific project, the objectives of the field 
investigation program must be established.  The program objectives may include any or 
all of the following: 
 
o Soil or rock evaluation - if undisturbed or representative samples are required, 
the drilling technique must be able to accommodate the appropriate type of 
sample collection.   
 
o Characterization of hydrogeologic conditions - the drilling technique should allow 
for the characterization of each stratigraphic zone, water level measurements, 
and water sample collection.   
 
o Evaluation of soil or ground water contamination - the drilling technique must 
provide the appropriate sample collection methods, must not introduce 
contaminants into the borehole or otherwise alter the existing soil or groundwater 
chemistry, and should not result in subsurface cross-contamination during or 
after drilling.   
                                                    Section 3.2 
                                                    Page  2 
                                                    January 1991 
 
 
o Installation of monitoring wells - the drilling method must permit appropriate well 
construction and minimize the disturbance to both the borehole and the well.   
 
Choice of a specific drilling technique for an investigation will impact the schedule, cost, 
and technical quality of a field investigation.  The quality and representativeness of the 
soil and ground water samples can be significantly affected by the drilling technique 
employed.  Several items must be taken into consideration to determine the most 
appropriate drilling method.  One of the best resources for selecting an appropriate 
drilling technique is an experienced drilling contractor.  Items that should be considered 
in the selection process include the following: 
  
o Geologic Conditions:   
  
 - unconsolidated or consolidated 
 - ype of material, including fill material 
 - presence of boulders or cobbles  
 - depth to bedrock 
 
o Site Access:   
 
 - property ownership 
 - terrain and vegetative cover 
 - wet areas 
 - size of the working area 
 - weather conditions 
 - weight and size restrictions 
 
 
 - need for barge equipment 
 - location of drilling water source 
 
 
o Seasonal Conditions Affecting Access:  
 
 - effect of freezing temperatures, mud, and snow on drilling progress 
 - use of water 
 - need to add antifreeze to pumps when not in use under freezing conditions 
 - antifreeze must be flushed out of hoses and pumps 
 - high water conditions 
 
o Existence of Contamination:  
 
 - utilize decontamination protocols 
 - minimize disturbance and cross-contamination 
 - minimize impact on site chemistry 
 - control drilling discharge 
 - reduce volume of contaminated spoils 
 - sampling requirements 
 - minimize crew's exposure to hazards 
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 - follow appropriate health and safety procedures (See Section 2.3 Health 
and Safety Plans for more information).   
 
o Required Hole Size and Plumbness:   
 
 - single-level or multiple-level well installations (See Section 4.0 
Piezometers, Observation Wells and Monitoring Wells) 
 - large-diameter wells 
 - installation of instruments and downhole equipment 
 - availability of drilling equipment 
 - adequate annular space for well installation 
 - use of packers 
 
o Drilling Rates:  DEP projects are almost always conducted on a per diem (time and 
materials) basis; outside consultants may find it to their advantage to contract the 
services of a driller on another cost basis (i.e., unit price per foot of soil or rock 
drilled).   
 
Cost, drilling rates, or availability of equipment should not be the determining factors in 
choosing a drilling technique.  An evaluation should be made of the impact of the drilling 
method on the integrity of the subsurface soil and ground water samples to be obtained 
in the investigation.  Costs for chemical analyses are high, and money should not be 
wasted on analysis of unrepresentative samples.  Also, analyses and remediation based 
on faulty data from improperly drilled wells could ultimately be quite costly, greatly 
exceeding the cost of a well-conceived field investigation program. 
   
Several drilling techniques that are commonly employed in environmental investigations 
are described in the following subsections.  The basic drilling technique is described, 
along with its advantages and disadvantages, for the following methods: 
 
o Cable Tool 
o Drive and Wash  
o Spun Casing 
o Solid Stem Augers 
o Hollow Stem Augers 
o Mud Rotary 
o Air Rotary/Air Hammer 
o ODEX System 
 
Included in Tables 3.2-1 through 3.2-8 and Appendix A is some useful information on 
standard casing diameters, casing volumes, drill bits and terminology.   
 
3.2-2  CABLE TOOL 
 
3.2-2.1  General Considerations 
 
The cable tool method is a percussion drilling method; it employs a drill bit, attached to a 
heavy string of drilling tools, that is repeatedly pounded against the bottom of the hole to 
break up the rock or soil formation into small fragments.  Table 3.2-2 shows dimension 
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and weights for standard cable tool drill bits in English and SI units.  Water is added to 
the borehole to form a slurry of the broken rock and soil fragments.   
 
Periodically this slurry is removed from the borehole using a bailer or sand pump.  A bail 
handle at the top of this tool attaches to a cable called the sand line.  The sand line is 
threaded over a separate sheave at the top of the mast and down to the line reel.  The 
diameter of the sand line can vary according to the anticipated loads (Driscoll, 1986). 
   
In unconsolidated or deep borings, the hole is often cased with thick-walled steel casing 
to prevent collapse of the sidewalls.  Casing diameters for the cable tool method 
generally range from 4 to 24 inches although larger holes can be drilled.  Depending on 
the purpose of the borehole, the drive casing may be removed from the ground or left in 
place.  Figure 3.2-1 is a diagram of a typical cable tool setup.  Figure 3.2-2 illustrate 
equipment used in the cable tool drilling method.   
 
The cable tool method can be used in most soil and rock conditions.  In environmental 
investigations, the cable tool method is generally employed  when other methods are 
undesirable due to their impact on the in-situ chemistry and permeability, or because 
adequate penetration cannot be achieved with other methods.  The cable tool drilling 
method is suitable for coarse, dense soils such as boulder tills and boulder-cobble-rich, 
ice-contact deposits.  Additionally, the cable tool method is particularly suitable for 
drilling in highly fractured or cavernous rock formations, and fill debris.   
 
Soil samples can be collected in a variety of ways using the cable tool method.  
Typically, samples of the bailed slurry are obtained and described.  With some minor 
retrofitting, split-spoon samples can be obtained from the borehole, although this slows 
the drilling process considerably.  Generally, good quality monitoring well installations 
can be completed in cable tool borings, although, compared with other methods, more 
time is required to install monitoring wells with the cable tool method.   
 
3.2-2.2  Drilling Methodology 
 
3.2-2.2.1  Drilling Action    
 
The drilling action of the cable tool rig consists of an up-and-down motion of the drilling 
tools, at a rate controlled by the driller.  The vertical stroke of the drill tools can be 
adjusted by changing the position of the pitman pin [see Figure 3.2-1].  Several factors 
affect the rate of penetration including the nature of the formation, depth to the water 
table, and the skill of the driller.  
 
3.2-2.2.2  Driving Casing 
 
When drilling soft or unconsolidated formations, casing must be used to keep the 
borehole open.  A hardened steel drive shoe must be attached to the bottom of the 
casing to prevent breaking or damage to the casing during penetration.  A drive head is 
placed on top of the casing to protect it from damage.  Generally, the casing is driven 
into the ground with the drill tools.  A drive block or clamp is attached to the drill tools 
and acts as a hammer face.  The drill tools are lifted up and down; the pounding of the 
tools drives the casing into the ground.   
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Generally, the casing is driven for a distance of 3 to 10 feet without stopping. The 
disturbed material is then mixed with water, if necessary, to form a slurry; the slurry is 
bailed out of the casing.  The driving, drilling, and bailing operations are repeated until 
the casing has reached the desired depth.  If the subsurface materials are especially 
dense, the hole may be advanced 2 to 6 feet ahead of the casing to make the casing 
installation faster and to reduce the chance of casing breakage.  The decision to pre-drill 
in advance of the casing should be based on the driller's judgement.   
 
Depending on the nature of the boring, the casing may or may not be removed from the 
borehole upon completion.  If required, the casing may be pounded back out of the 
ground by pulling back on the drive head. If the rig is outfitted with hydraulic jacks rather 
than a cathead arrangement, the casing can be removed more quickly and reliably.   
 
3.2-2.2.3  Removal and Inspection of Cuttings   
 
Formation cuttings are removed from the borehole with either a bailer or a sand pump.  
A bailer consists of a metal pipe with a check valve in the bottom.  The bailer is lowered 
to the bottom of the borehole, the slurry enters the pipe, and when the bailer is lifted out 
of the hole, the check valve closes and the slurry is bailed out of the hole.   
 
Alternatively, the cuttings can be removed from the hole with a sand pump or suction 
bailer.  This method is similar to a check-valve bailer except that an internal plunger 
produces a vacuum that opens the valve when the bailer is lifted from the hole, sucking 
sand or slurried cuttings into the pipe.  Some sand pump bailers have a latch bottom for 
slurry release.  Bailers and sand pumps are generally 10 or 20 feet in length (Driscoll, 
1986).  
 
 
 
 
3.2-2.2.4  Telescoping Casing 
 
If the borehole penetration slows considerably due to friction on the casing, it may be 
advisable to telescope to a smaller diameter casing.  A second, smaller diameter casing 
string is inserted inside the first casing and drilling continues, resulting in a smaller 
diameter boring.  In some cases, the casing size may have to be reduced two or three 
times in order to complete the boring to the desired depth.  If telescoping of casing is 
expected, the initial casing size must be large enough to allow insertion of additional 
casings and still maintain the minimum size borehole desired.   
 
3.2-2.3  Field Notes 
 
In addition to the standard field notes such as who, what, when, and where, items that 
should be noted during the advancement of a cable tool boring include the following: 
 
o total casing in the borehole 
o depth of water-bearing horizons 
o amount of water added to the borehole 
o drilling rate per casing length and/or per foot 
o description of formation material 
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o sample type and depth interval 
 
3.2-2.4  Advantages and Disadvantages 
 
3.2-2.4.1  Advantages   
 
o Often the best method for penetrating dense, coarse soils, cavernous or 
fractured rock, and thick, permeable, unsaturated zones.   
 
o Rigs are relatively simple to operate and can generally be operated all year 
round.   
 
o Clean, relatively undisturbed borehole walls are produced.   
 
o Installation of casing assures that the borehole will remain open.   
 
o Excellent for gravel- or filter-packed wells.   
 
o Cased boreholes can be telescoped through contaminated zones to reduce the 
possibility of cross-contamination down the borehole.   
 
o Relatively small amounts of water that are not under pressure are required, 
reducing the impact of drilling water on aquifer water quality.   
 
o Suitable for deep boreholes (300 to 500 feet).   
 
o Large-diameter borings are possible (24 inches and greater).   
 
 
 
3.2-2.4.2  Disadvantages   
 
o Drilling rate is slow to extremely slow (50 to 10 feet/day).   
 
o Disturbed soil samples are obtained with bailer or sand pump.   
 
o Casing removal may be slow and is not always successful.   
 
o Minimum borehole diameter relatively large (4 inches).  
 
o Difficult to identify the water table.   
 
o Availability of rigs and trained operators is limited.   
 
o Cannot recover intact rock cores.   
 
3.2-2.5  Problems and Possible Solutions 
 
3.2-2.5.1  Casing Broken Off Below Ground 
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As with any drilling method that uses casing, the potential exists for the casing to break 
off below the ground surface.  Using a steel drive shoe and thick-walled casing will help 
to prevent this from happening.  If the formation is especially dense, it is advisable to 
pre-drill ahead of the casing several feet to reduce the resistance to the casing.  If the 
casing is broken, it may be possible to continue the boring by installing a smaller 
diameter casing in the hole.  Any change in the original planned drilling method requires 
approval from DEP.  In some instances, the boring may have to be abandoned when the 
casing is broken.   
 
3.2-3.5.2  Slow Penetration 
 
Although it is simple and reliable, the cable tool drilling method is inherently slow.  At 
sites with substantial thicknesses of unsaturated materials, the frictional resistance on 
the casing may greatly impede drilling progress.  In this situation, it is advisable to 
telescope to a smaller diameter casing to increase the rate of penetration.  
 
 
 
3.2-3  DRIVE AND WASH 
 
3.2-3.1  General Considerations 
 
The drive and wash method (sometimes called wash and drive) requires the use of steel 
casing to maintain an open hole during drilling and sampling operations.  The drive and 
wash method entails driving a casing into the ground with a 300-pound or heavier 
hammer dropped a specific distance, then after each interval, washing the soil cuttings 
out of the casing with a tricone or chopping bit and water.  This method requires a 
nearby source of clean water or a water tank that must be brought to the boring site.  
Thin-wall, flush-joint casing ranging from 2.5 to 8 inches inside diameter (ID) in 5-foot 
lengths are typically used with this method.  A hardened steel drive shoe is placed on 
the bottom of the lead casing to aid in penetration and to prevent the casing from 
splitting and breaking when rocks and cobbles are encountered.  Representative soil 
samples can be collected with standard split-spoon samplers or tube samplers driven 
ahead of the casing.  Figure 3.2-3 is a schematic of a typical drive and wash tool setup.   
 
When conditions are appropriate, the drive and wash method is the preferred drilling 
method for monitoring well installation.  This method is appropriate for many geologic 
conditions:  sandy till and clay deposits; most sand and gravel conditions; organic soils; 
and fill materials.  Because the casing is driven rather than spun, the drive and wash 
method results in less potential for cross-contamination.  Recent studies by the 
U.S. Geological Survey (USGS) on Cape Cod, Massachusetts, indicate that the drive 
and wash methods produces a minimum amount of borehole disturbance compared to 
augers and rotary methods (Morin, 1988).   
 
Also, because the bit is maintained inside the casing throughout the cutting removal 
process, there is a no jetting of the borehole sidewalls and, generally, the borehole 
maintains a consistent diameter.  Under certain circumstances, such as dense tills, 
drilling ahead of the casing is permitted.  The ease of casing removal and the similarity 
between the casing ID and the borehole ID allow for good quality and accurately placed 
well screen, filter pack and seals.   
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3.2-3.2  Drilling Methodology 
 
3.2-3.2.1  Drilling Operation  
 
A hardened steel drive shoe is typically placed on the bottom of the lead casing.  The 
casing is driven into place using a manually controlled 300-pound or greater hammer or 
an automatic hammer system.  At the discretion of the site geologist or engineer, blows 
counts may be recorded for discrete intervals of casing penetration.  Changes in strata 
may be detected by changes in number of casing blows per foot, especially in shallow 
borings.   
 
Once the casing length is driven to the desired depth, the drive head is removed and drill 
rods with a tricone or rotary bit are placed inside the casing.  Table 3.2-3 presents the 
sizes and weights for standard tricone roller bits.  The bit and rods are measured prior to 
placement in the hole.  After the bit is placed inside the casing, the rod stick-up should 
be measured to determine the depth of the bit.  The drill rod should then be marked at 
the point where the bit will be at the base of the casing.  This marking procedure will 
prevent accidentally drilling below the casing, and disturbing material to be sampled.   
 
 
 
3.2-3.2.2  Removal and Inspection of Cuttings 
 
Only uncontaminated water must be used during the washing operation.  It is important 
that this source be identified before the start of drilling and that prior approval be 
obtained from DEP.   
Drill water is forced down through the drill rods to the bit to carry the cuttings up and out 
of the boring.  It is imperative that the water ports in the cutting bit jet water out of the 
side of the bit and not ahead of the bit as this causes disturbance of the soil below the 
casing.  A minimal amount of water necessary to carry the cuttings up and out of the 
hole should be used.  The water level should be maintained at the top of the casing 
during the drilling operation, particularly when "running sands" are encountered.  
Recirculation of drilling water is permitted if the boring is not contaminated.  Table 3.2-4 
shows water volume for casings and holes of different diameters and depths.  Table 3.2-
5 presents standard size data for casings and drilling tools.  Table 3.2-6 presents 
recommended rotating speeds and bit size for various formations.   
 
Once the washing procedure is complete, the rods and bit are removed while 
maintaining the water level at the top of the casing.  This should be done slowly to 
prevent "blowing in" of the formation.  If required, a sample can be collected at this point.  
(See Section 3.4 for proper soil sample collection methods.)   
 
Following sample collection or the washing out of the casing, an additional length of 
casing is added and the driving process continued.   
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3.2-3.3  Advantages and Disadvantages 
 
3.2-3.3.1  Advantages   
 
o An open borehole during drilling is assured because of the presence of the 
casing.   
 
o Clean, relatively undisturbed borehole walls are produced.   
 
o Method allows for inspection of the cuttings throughout the washing process.   
 
o Inspection of cuttings allows for identification of geologic changes.   
 
o Method allows for installation of monitoring wells inside casing.   
 
o In-situ horizontal and vertical hydraulic conductivity measurements can be made.   
 
o Method allows for collection of split-spoon or similar representative samples.   
 
o It is a superior method for monitoring well installation.   
 
3.2-3.3.2  Disadvantages   
 
o A substantial source of water is required and a drilling water discharge is 
produced when water cannot be recirculated.  If the borehole or ground water is 
contaminated, the discharge may require special treatment or collection 
procedures.   
 
o The method is relatively slow; footage rates of 30 to 60 feet per day are common 
in New England soils.   
 
o The water table and water-bearing zones may be difficult to recognize due to the 
addition of water into the system during drilling.   
 
o Water circulation may be difficult to maintain in highly permeable, unsaturated 
soils.   
 
o The addition of water to the aquifer system may be undesirable in some 
situations where contamination is present.   
 
o This method is difficult for very coarse sands and gravels and cobbles and 
boulders.   
 
o There is a very slight potential for cross-contamination due to flow along the 
outside of the casing.   
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3.2-3.4  Problems and Possible Solutions 
 
3.2-3.4.1  Difficulty Removing Cuttings 
 
Large, gravel-size particles may be difficult to wash out of the casing, especially as the 
borehole becomes deeper.  Potential remedies for this problem include the following: 
 
 (a) Checking to see if drilling bits are in good condition and working properly.   
 
 (b) Using larger diameter drill rods.  Small diameter (AW) drill rods in NW- or 
HW-size casing create a large annular space, decreasing the flow velocity 
up the annular space.  Larger-diameter, heavier, gravel-size particles may 
not remain in suspension under these conditions.  Switching to larger-
diameter drill rods may solve this problem.   
 
 (c) Checking to see that the water pump on the drill rig is working properly 
and has sufficient capacity.   
  
 (d) In certain cases, the use of drilling mud or other additives to increase the 
density and viscosity of the drilling fluid will keep larger particles in 
suspension, carrying them out the hole.  Drill-fluid additives should not be 
used when installing piezometers or monitoring wells where water quality 
or aquifer test results would be influenced by the additives.  The use of 
drilling mud or other additives must be fully documented by the driller, 
included on the boring log, and described in the consultant's report.   
 
3.2-3.4.2  Sand or Silt Flowing Up Inside the Casing -"Running Sands"  
 
Sands or silts are often found to flow up inside the casing during the sampling or clean-
out process. Unless true artesian ground water conditions are encountered within a 
stratum, this situation is usually the result of an unbalanced hydrostatic head between 
the borehole and the equivalent hydrostatic head in the formation at the elevation of the 
bottom of the casing.  The imbalance occurs when drill rods are removed from the 
borehole, lowering the water level in the casing.  This condition is usually associated 
with sand and/or silty soils where the unbalanced head creates a "quick" condition in the 
soil.  If this condition, called "running sand," is encountered, it should be noted on the 
boring log because significant sample disturbance below the borehole often occurs.  
One possible way to minimize this problem is to remove the drill rods very slowly while 
concurrently adding water to the casing, thus maintaining the water volume displaced by 
the drill rods.  This procedure maintains the water volume displaced by the drill rods.  If 
this does not work, one may consider driving the casing past the zone of loose material 
into a more stable formation.  The addition of non-aquifer water to minimize soil 
instability at the bottom of the casing should be fully documented by the drillers, included 
on the boring logs and described in the consultant's report.  Furthermore, they must be 
able to document the fact that all non-aquifer water was removed during well 
development prior to collecting a sample for water quality analysis.   
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3.2-3.4.3  Loss of Drilling Fluid 
 
Circulation return through the top of the borehole may cease if highly permeable 
formations are encountered at depth.  In this situation the loss of fluid through the bottom 
of the casing is greater than the drill rig pumping rate.  Three potential means are 
available to overcome this problem: 
 
 (a) Increasing the viscosity and weight of the drilling fluid with additives, as 
long as these additives will not influence the results of analytical testing of 
monitoring wells or the natural permeability in the vicinity of wells.  Prior 
approval from DEP is required before using additives in the drilling 
operation.   
 
 (b) Cleaning out the casing without circulation return:  this process involves 
breaking down the larger-size soil particles into sands and silt-size 
particles.  The formation may have large enough voids to allow passage 
of the smaller-size particles out the bottom of the casing.  This method 
should be used with caution because it is possible to jam the cutting tools 
in the casing with drill cuttings.  It can be argued that sample recovery in 
zones of high hydraulic conductivity would be difficult due to the probable 
size of the soil particles or size limitations of the sampling tools.   
 
 (c) Driving past the sample interval to the next interval which may have a 
lower hydraulic conductivity.  When this is done, it should be fully 
documented by the driller and included as a statement in the consultant's 
report.   
 
3.2-4  SPUN CASING 
 
3.2-4.1  General Considerations 
 
Spinning casing is used as an alternative to typical drive and wash methods in 
conditions where a driven cased hole is unsuitable.  This method is suitable for drilling 
soils and seating casing into bedrock.  It is typically used in dense or boulder-rich strata 
such as lodgement till.  In the spun casing method, a diamond spinning shoe or bit is 
attached to the bottom of the casing.  The casing is attached to the drill head and 
advanced by a rotation and cutting action similar to coring.  Water is forced down 
through the center of the casing and flows out and up the sides of the borehole, carrying 
cuttings to the surface.  Residual soil material may remain inside the casing and must be 
cleaned out periodically with a rotary bit during advancement of the boring.   
 
Two and a half- to eight-inch diameter, flush-joint casing in 5-foot lengths are typically 
used with this method.  As with drive and wash methods, good-quality, representative 
tube and split-spoon samples can be obtained.  Drill rigs capable of spinning casing 
include truck- and track-mounted types; both types are able to access most terrains. In 
general, good-quality well installations can be completed in spun cased holes, although 
large voids may develop along the borehole walls where the fines have been washed 
away by the water.  The principal disadvantage of the spun casing method is that 
substantial amounts of drilling water may be lost into highly permeable formations during 
drilling.  Thus a high potential for cross-contamination exists.   
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3.2-4.2  Drilling Methodology 
 
3.2-4.2.1  Drilling Operation 
 
A diamond spinning shoe or bit is placed on the bottom  of the lead casing.  The casing 
is attached to the drill head with a threaded adaptor.  As the casing is spun and 
advanced, a slight downward pressure is applied.  At the same time, water is pumped 
down through the rods, out the end of the bit, and up the annular space between the 
casing and the boring (Figure 3.2-4).  If recirculation or collection of the drill water is 
necessary a larger diameter casing can be placed around the spun casing.   
 
3.2-4.2.2  Removal and Inspection of Cuttings 
 
Once the casing has reached the required depth, the distance to the bottom of the 
casing should be measured to determine if any cuttings remain inside the bottom of the 
casing.  If there is material inside the casing, it should be removed by washing out prior 
to sampling. The drill rod attached to the bit should be marked where the bit reaches the 
bottom of the casing.  This marking procedure will prevent accidentally washing beyond 
the bottom of the casing and disturbing the material to be sampled.  Soil cuttings are 
carried to the surface with the water and this drill water is discharged at the top of 
casing, preferably to a recirculation tank equipped with a baffle to enhance settling of 
solids.  When the boring is free of cuttings to the bottom of the casing, a sample may be 
collected.   
 
Once the soil sampling process is completed, an additional length of casing is added, 
and drilling can continue.  
 
3.2-4.3  Advantages and Disadvantages 
 
3.2-4.3.1  Advantages   
 
o Casing can be advanced through large-diameter cobbles and boulders.   
 
o Drilling method is relatively rapid through large-diameter cobbles typical of many 
New England glacial tills.   
 
o Representative samples can be obtained.   
 
o Angle hole drilling is possible.   
 
o Able to seat casing into bedrock to accommodate rock coring.   
 
o Method allows for installation of monitoring wells inside the casing.   
 
3.2-4.3.2  Disadvantages   
 
o A continuous water source is required for drilling.   
 
o Changes in strata are difficult to recognize between sample intervals.   
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o Cross-contamination may occur due to the circulation of water between the 
casing and borehole wall.   
 
o Large quantities of water can be introduced into permeable formations.   
 
o Difficult to control release of drilling fluid at surface.   
 
3.2-4.4  Problems and Possible Solutions 
 
3.2-4.4.1  Lost Circulation 
 
In highly permeable, unsaturated formations (e.g., sand and gravel deposits), fluid 
circulation may be lost into the formation during drilling because the rate of fluid loss 
through the bottom of the casing is greater than the pumping rate that can be maintain.  
As a result, the loss of the lubricating action of the water may destroy the shoe and 
cause the casing to "bind up."  There are two options that can be used to overcome this 
problem: 
 
 (a) Increase the viscosity of the drilling fluid by the addition of additives as 
long as these additives will not influence the results of analytical testing of 
samples from the monitoring wells.  Prior approval must be obtained from 
DEP before using any additives.   
 
 (b) Consider changing to another drilling method, such as cable tool.  This 
may require a different drilling contractor.   
 
3.2-4.4.2  Eroding a Large Hole 
 
With this method it is possible to erode a large hole in the borehole wall, especially if an 
obstruction is encountered.  A minimum amount of water should be used during drilling 
to help control this problem.   
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3.2-5    SOLID-STEM AUGER 
 
3.2-5.1  General Considerations 
 
Solid-stem auger drilling utilizes spiral, solid-center auger flights. The augers are 
screwed into the soil by a combination of downward pressure and rotating action.  This 
method is not recommended for environmental studies.  It is not recommended by DEP 
for determining soil characteristics or monitoring well installations unless the soil has 
been characterized previously by another drilling and sampling technique.   
 
There is no provision for obtaining soil samples unless the auger is removed from the 
borehole.  If soil sampling with a split-spoon is attempted, there is always the potential 
for caving of the borehole when the augers are removed, which would influence the 
quality of the sample recovered.  Auger cuttings that come to the surface can be 
examined and a general stratigraphy described.  Soil samples taken from the flights may 
misrepresent the actual formation material at the bottom depth of the augers.   
 
The solid-stem auger method is more commonly used for probing to refusal or bedrock.  
See Figure 3.2-5 for an illustration of an auger drilling setup using a solid-stem auger.   
 
Although the information obtained from solid-stem auger borings is limited, this method 
can be useful as a reconnaissance technique and for drilling pilot holes in fill and debris.  
Solid-stem augers should only be used under special conditions when it has been 
determined that plugging of the borehole will not be required.  As with hollow-stem 
augers, the rigs are quite mobile and can access almost any site.  Because no samples 
are collected, drilling is quite rapid and setups are minimal.  The diameter of the drilled 
hole ranges from 4 to 20 inches.   
 
3.2-5.2  Drilling Methodology 
 
3.2-5.2.1  Drilling Operation 
 
The lead auger is placed on the drill head, and the boring is advanced by a combination 
of rotation and downward pressure.  Once the bottom of the auger reaches the desired 
depth, an additional auger may be added.  If pins or bolts are used to attach the augers 
to each other, these should be secure before drilling continues.   
 
Drilling can proceed quite rapidly with the addition of more augers.  Drilling should 
continue until the boring has reached the desired depth or until refusal.  Refusal means 
that the auger encounters substantial resistance and penetration is slowed or stopped.  
This may be caused by a boulder or by the auger encountering the bedrock surface.  
The distinction between the top of bedrock and a boulder is extremely difficult to 
determine.  Bedrock can only be verified by rock coring methods.   
 
3.2-5.2.2  Removal and Inspection of Cuttings 
 
As drilling proceeds, the cuttings will travel up the outside of the augers to the ground 
surface.  General soil characteristics can be described by examining the cuttings, 
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although no information on soil structure can be obtained with this method.  Generally, 
the best way to obtain a sample for inspection is to place a shovel at the top of hole and 
to collect a sample of the cuttings.  
 
3.2-5.3  Advantages and Disadvantages 
 
3.2-5.3.1  Advantages   
 
o Especially suitable for cohesive, moderately dense soils which will remain open, 
uncased. 
 
o Quick method for probing with generalized stratigraphic description possible.  
 
o Rigs are able to access most terrains. 
 
3.2-5.3.2  Disadvantages.   
 
o Not generally suitable for monitoring well installation and for determining soil 
conditions. 
 
o If the subsurface materials are contaminated, this method can result in cross-
contamination, potentially affecting future subsurface investigations. 
 
o Soil cuttings return is poor to non-existent below the water table. 
 
o Refusal data is not always reliable for determining the top of bedrock, particularly 
in glacial till. 
 
o Not suitable for sampling soft, unstable soils which will not remain open, if 
uncased. 
 
3.2-6  HOLLOW-STEM AUGER 
 
3.2-6.1  General Considerations 
 
This method is suitable for unconsolidated deposits that do not have large cobbles or  
boulders.  Hollow-stem augers are continuous augers equipped with a hollow core that 
serves as casing.  Representative soil samples may be obtained by passing a sampling 
tool through the bottom of the lead hollow-stem auger.  Monitoring wells can also be 
installed through the center of the augers.  Figures 3.2-6 and 3.2-7 are examples of 
typical hollow-stem auger equipment.   
 
Commonly, the inside diameter of the hollow-stem is 4 to 6 inches, and the augers 
produce a borehole 8 to 12 inches in diameter.  Auger rigs are skid-, truck-, or track-
mounted, giving them excellent mobility.  This drilling method is relatively fast, 
depending on soil sampling requirements.   
 
Hollow-stem auger methods have significant limitations in investigations in contaminated 
areas due to the potential for cross-contamination in the borehole.  Contaminated 
cuttings moving up an auger flight may contaminate overlying clean zones.  In other 
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cases, contaminated auger flights penetrating to greater depths may carry contamination 
down with them.   
 
Additionally, the rotating action of the augers causes a smearing in fine-grained soils.  
This smearing may significantly reduce the permeability in the vicinity of the borehole, 
resulting in erroneous estimates of in-situ permeability from field tests.  Furthermore, this 
smearing may effectively seal off a zone opposite the proposed screened interval of a 
monitoring well, and well development may not be adequate to overcome this effect.   
 
 
 
 
3.2-6.2  Drilling Methodology 
 
3.2-6.2.1  Drilling Operation 
 
The lead auger should be attached to the drill head.  In order to assist in cutting the 
borehole, auger teeth (i.e., sharp, protruding, carbide-capped metal tabs) are located at 
the tip of the lead auger.  This auger is drilled or "screwed" into the ground by a combi-
nation of rotation and downward pressure.  If obstructions are encountered, the auger 
may "walk," causing the borehole to become crooked or deflected from vertical.  If this 
occurs at a shallow depth, it is advisable to move the boring location slightly and start 
the hole again.   
 
During advancement, a removable center plug (pilot bit) or split-spoon sampler is 
attached to the drill rods and placed in the bottom of the lead auger to prevent soil 
materials from entering the hollow stem.  When a required depth is reached, the center 
plug can be removed and representative samples obtained by passing a sampling tool 
through the hollow stem of the auger and out the bottom.   
 
Once the augers have reached the desired depth and a sample has been collected, 
drilling can continue.  The center plug is replaced in the bottom of the lead auger and an 
additional auger flight is attached.  If the augers are attached to each other with bolts or 
pins, it is important that they be secured before drilling proceeds.  Failure to do this can 
result in detachment of the augers below the ground surface.  
 
3.2-6.2.2  Removal and Inspection of Cuttings  
 
During drilling, the cuttings from the borehole are carried upward to the ground surface 
along the outside of the augers on the screw-shaped auger flights.  These cuttings are 
usually shoveled to the side, where they can be inspected.  In some cases, stratigraphic 
changes can be observed due to significant changes in the cuttings or the drilling action 
of the auger.  In some soil conditions, such as fine sands, once the augers are below the 
top of the saturated zone the cuttings may not travel to the surface along the outside of 
the auger flights.  When this happens, standard split-spoon samples may be the only 
way to collect and determine the soil characteristics.   
 
Once the auger flight has reached the required depth, soil samples can be collected.  A 
sampling tool can then be lowered down through the hollow center of the auger and a 
sample can be obtained.   
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Recently, a new method of obtaining soil samples with hollow stem augers has been 
developed which uses an inner tube sampler.  This sampler consists of an inner split-
barrel tube, typically 4-inches in diameter, that is placed inside the lead auger.  As the 
borehole is advanced, the soil material enters the tube for the length of the drilling 
interval, similar to the way rock core enters a core barrel.  Once the interval is completed 
the augers are detached from the drive head and the tube is removed with the drill rods.  
The split-barrel tube is removed and opened in a manner similar to a split-spoon.  This 
sampling method allows rapid, continuous sampling in hollow-stem auger holes and is 
best suited for fine-grained soils such as silts and clays.   
 
 
3.2-6.3  Advantages and Disadvantages 
 
3.2-6.3.1  Advantages   
 
o Water is usually not required. 
 
o Fast drilling technique in soft and fine-grained soils. 
 
o Quick set-ups possible.   
 
o Can install well casing inside hollow-stem auger.   
 
o Representative samples can be obtained. 
 
3.2-6.3.2  Disadvantages   
 
o Difficult to use in very dense or boulder-rich soils. 
 
o Monitoring well installation quality may vary from good to poor due to small 
diameter opening in the augers, a disturbed interface with formation soils, and 
the fact that the augers are generally rotated out of the hole.   
 
o Can be difficult to obtain samples of silts and sands beneath the water table as 
"quick" (i.e., running sand) conditions may be present.   
 
o Frictional resistance from fine sand or nested boulders may tend to lock the 
augers in the ground.   
 
o Due to the constant rotation of the augers, smearing of fine-grained soil material 
may occur on the sidewalls of the borehole.   
 
o Potential for cross-contamination within the borehole at contaminated sites.   
 
o Good seals around the top of the sand packs may be difficult to achieve due to 
the large annular space and the presence of a zone of disturbed soil materials in 
the annular space, once the augers are removed.   
 
3.2-6.4  Problems and Possible Solutions 
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3.2-6.4.1  Sand or Silt Flowing Up Inside the Auger; "Running Sands" 
 
When drilling below the water table, sands may run up into the center of the augers 
when the center plug is removed.  An unbalanced hydrostatic head is created if water is 
not added to the augers during the advancement of the borehole.  Unbalanced heads 
can also occur during the sampling as discussed in the subsection on the drive and 
wash method (see Section 3.2-3.4.2).  These problems may be overcome by removing 
all downhole tools (including the center plug) very slowly or by introducing water into the 
auger or both simultaneously.   
 
 
3.2-6.4.2  Health and Safety Problems 
 
Health and safety problems generally involve the increased volume of potentially 
contaminated soils produced by this method.  When required, special drill-through 
containers can be used to catch and hold the auger cuttings to minimize potential spread 
of hazardous materials and contact with workers.   
 
3.2-7  MUD ROTARY 
 
3.2-7.1  General Considerations 
 
Mud rotary drilling methods should not be employed for environmental investigations at 
either state or privately funded sites except with the specific, prior approval of DEP.  The 
use of mud rotary techniques should be fully documented by the driller and described by 
the consultant in his report.  Although mud rotary is a popular exploration drilling method, 
it has limited application in hydrogeologic investigations since use of drilling mud results 
in many problems from a hydrogeologic and chemical standpoint.  For example, drilling 
mud may significantly lower the permeability in the adjacent formation.  Also, mud 
residues are difficult to remove with standard well development techniques.  Because of 
the potential for cross-contamination in the borehole, recirculation of the drilling mud is a 
concern where contaminated zones are encountered.  Also, mud residues may alter the 
groundwater chemistry by binding metals, adsorbing organics, altering the pH, or 
changing COD conditions.  
  
In mud rotary drilling a bit, usually a tricone, is placed on the bottom of the drill stem, and 
the rotating action of the bit crushes and grinds the subsurface materials into small 
pieces.  Simultaneously, drilling fluid (usually a bentonite drilling mud) is pumped down 
through the center of the drill pipe and circulates up the borehole, carrying the cuttings 
up and out of the hole.  The "dirty" drilling mud is directed to a mud pit or baffled tank 
where the cuttings are allowed to settle.  Once the drilling mud is relatively clean, it is 
recirculated down the borehole.  Efficient mud rotary operation requires an experienced 
driller who is familiar with the proper drilling and mud mixing techniques for various 
geologic conditions.  Figures 3.2-8 through 3.2-10 illustrate typical set-ups for mud rotary 
drilling and equipment.  
 
In mud rotary drilling, the drilling fluid stabilizes the borehole sidewalls, cools the bit, and 
brings the cuttings up out of the borehole.  One significant advantage of mud rotary over 
many other drilling techniques is that in most applications, casing is not required to 
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stabilize the borehole sidewalls, resulting in much faster drilling.  The hydrostatic 
pressure of the column of drilling fluid in the borehole prevents caving of the sidewalls.  
As drilling proceeds, a film of clay particles builds up on the borehole walls to form a filter 
cake lining the sidewalls.  This "clay casing" prevents erosion of the walls by the circulat-
ing drilling fluid and reduces or prevents fluid loss into the formation.   
 
Mud rotary holes vary from 3- to 28-inches in diameter, with 6- to 8-inch holes being the 
most common.  Mud rotary methods can be used to drill to depths of 500 feet and 
greater.   
 
 
 
3.2-7.2  Drilling Methodology 
 
3.2-7.2.1  Drilling Operation 
 
Mud rotary drilling requires a substantial setup and a fairly large working area.  Prior to 
drilling, adequate water and mud (usually bentonite) should be prepared in advance so 
that the drilling process need not be interrupted.  The water should be clean, as the 
quality of the mud can be seriously affected by contaminants or water with a high 
mineral content.  Prior to drilling, a quantity of drilling mud is mixed either in mud pits, 
tubs, or tanks.  The viscosity and quantity of the mud will be dependent on the 
anticipated geologic conditions and the depth and diameter of the borehole.   
Typically, mud rotary borings are advanced in intervals equal to the length of a drill rod.  
As the boring is advanced by a combination of rotation and downward pressure, addi-
tional mud may be mixed and added due to the increased volume of the hole and losses 
due to infiltration in very coarse material.  If the formation conditions change, the mix 
may have to be modified.   
 
It is important that a drill collar (sometimes referred to as a stabilizer), a larger diameter, 
heavier length of drill pipe, be placed on the drill stem immediately above the bit.  The 
drill collar helps to maintain a straight hole during drilling.   
 
If the boring is penetrating very soft or caving formations, a surface casing may be set to 
keep the borehole walls from collapsing.  The surface casing usually has a discharge 
pipe connected to the top to direct the drilling mud into the settling tank.   
 
3.2-7.2.2  Removal and Inspection of Cuttings 
 
Generally, mud rotary samples consist only of samples of the cuttings that come up out 
of the borehole.  A strainer can be used to collect the cuttings and, after rinsing them 
with clear water, they can be described.  Mud rotary methods can be modified to obtain 
representative geologic samples, such as split-spoon samples, although this slows down 
the drilling progress significantly.   
 
3.2-7.3  Advantages and Disadvantages 
 
3.2-7.3.1  Advantages   
 
o Rapid drilling method in most geologic conditions. 
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o Generally no casing is required during drilling. 
 
o Can drill deep borings, 500 ft. or greater, under most conditions. 
 
3.2-7.3.2  Disadvantages   
 
o Drilling mud may adversely affect water-quality, permeability, and well 
development parameters.  During drilling, mud may mask geologic details and 
water-bearing zones.   
 
o Cross-contamination potential is high. 
 
o Cold weather drilling is difficult due to mud mixing requirements. 
 
3.2-7.4  Problems and Possible Solutions 
 
3.2-7.4.1  Lost Circulation 
 
Lost circulation occurs in porous, granular, or jointed formations when the drilling fluid 
cannot be maintained in the hole.  Lost circulation can lead to caving of the borehole and 
loss of the drilling tools.  Three methods are used to remedy lost circulation problems:   
 
o Increase the viscosity of the drilling fluid. 
 
o Case off the permeable zone. 
 
o Add wash circulation material (i.e., mica flakes, peanut hulls) to increase 
viscosity of the drilling fluid; this method is only appropriate for explorations when 
contamination is not present or anticipated.   
 
Once a lost circulation problem occurs, efforts should be taken immediately to avoid 
losing excessive amounts of drilling fluid into the formation.  
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3.2-7.4.2  Crooked Holes 
 
A straight hole is essential for drilling, particularly for deep borings.  Crooked holes are 
most likely to occur in  hard formations, especially those with large boulders, dipping 
structures, or numerous fractures.  Proper selection of bits and stabilizers will help to 
avoid the development of crooked holes.  Generally, the best method to straighten a 
crooked hole is to ream or enlarge the hole size.  If this does not work effectively, it may 
be best to abandon the hole and start a new one.   
 
A crooked hole may be difficult to detect.  One indication of a crooked hole is excessive 
wear on the drill string.  The wear occurs where the hole orientation is deflected and 
results in abrasion of the drill stem.   
 
3.2-7.4.3  Stuck Bits and Rods 
 
In any rotary method, drill rods and bits will occasionally become "grouted" in the hole 
due to the settlement of cuttings around the bit.  Shaking the rods and circulating drilling 
fluid may help to loosen the drill stem.  If excessive amounts of sand remain in 
suspension in the drilling fluid, it may be necessary to send the fluid through a de-sander 
prior to recirculation down the drill hole.  The de-sander uses centrifugal motion to 
separate the sand from the fluid, reducing the amount of suspended sand.   
 
 
3.2-8    AIR ROTARY/AIR HAMMER 
 
3.2-8.1  Drilling Methodology 
 
The procedure is similar to mud rotary, except that air rather than mud is used as a 
drilling fluid to cool the bit and bring the cuttings out of the hole.  A guide for the use of 
bit types with air drilling systems is presented in Table 3.2-7.  The primary reason for 
using air hammer or rotary techniques is that it is a cost-effective method to rapidly 
advance a deep hole in dense, unconsolidated and consolidated material for monitoring 
well installation.   
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3.2-8.1.1  Drilling Operation 
 
A large compressor on the drill rig provides air for the drilling operation.  Occasionally, a 
small amount of water is added to the air system to reduce the air-borne dust and to cool 
the bit.  Similar to mud rotary, a rotating tricone at the bottom of drill stem chips and cuts 
the formation.  At the same time, air is forced down the inside of the drill stem to blow 
the cuttings up and out of the hole.   
 
Air rotary rigs are generally used in dense, unconsolidated and hard rock formations.  
This drilling method is unsuitable for loose, unconsolidated formations because the 
installation of casing is required.  Often, air rotary rigs are equipped with both fluid- and 
air-based equipment, allowing the overburden to be drilled with fluid rotary techniques, 
casing to be installed, and bedrock to be drilled using air techniques.  Figures 3.2-11 and 
3.2-12 depict the equipment and typical set-up for air rotary drilling.   
 
Air hammer or "down-the-hole hammer" drilling methods use a pneumatic hammer to 
break up the rock into fine particles.  Air is used to remove the cuttings from the borehole 
and from the cutting surface on the rock.  Air hammer holes are typically 6- to 9-inches in 
diameter, although holes as large as 18 inches have been drilled successfully.  Air 
hammer techniques are used in hard, consolidated formations, such as the bedrock 
typical of New England, where other drilling methods are slow or unsuitable.   
 
3.2-8.1.2  Removal and Inspection of Cuttings 
 
Sample collection is limited to obtaining a portion of the borehole cuttings.  Generally, 
the cuttings are quite fine-grained and provide only extremely limited information on the 
rock characteristics.  
 
3.2-8.2  Advantages and Disadvantages 
 
3.2-8.2.1  Advantages   
 
o Drilling is very rapid compared to other drilling techniques, especially for very 
hard rock formations. 
 
o Drilling can be done year round. 
 
o Little or no water is necessary to complete boring. 
 
3.2-8.2.2  Disadvantages   
 
o Rigs are generally quite large and cannot access wet or sloping sites without the 
construction of a road. 
 
o Undisturbed or representative samples are not practical.   
 
o Not generally suitable for drilling in loose, unconsolidated deposits; casing must 
be used in soft or caving formations; only suitable for dense, unconsolidated or 
consolidated formations.   
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o Cross-contamination can occur in the borehole due to circulation up and down an 
open, uncased hole; therefore, may be unsuitable for use at contaminated sites.   
 
o Minimum borehole diameter is six inches. 
 
o Difficult to identify potentiometric surface.   
 
o At a contaminated site, air emissions may be a significant health and safety 
concern.   
 
o Potential for contamination from compressor oil.   
 
3.2-8.3  Problems and Possible Solutions 
 
3.2-8.3.1  Contaminated Air Injected Into Boring 
 
Air rotary rigs use lubricants and oils in the compressor.  Filters should be used to 
minimize contamination from oils and lubricants.  Filters will remove particulate and 
droplets of oil but not 100 percent of hydrocarbon vapors.  It should be noted that the 
quality of the ambient air may be impacted from drill rig exhaust; this cannot be  
avoided.  If the hydrogeologic objective(s) include a contamination assessment, care 
must be taken to ensure that an effective filter is used and that the air injected into the  
hole is uncontaminated.    
 
 
 
 
3.2-8.3.2  Air Emission Hazards 
 
The air-borne emissions resulting from air drilling methods may be difficult to control 
during drilling.  If hazardous contaminants are encountered in the borehole, they may be 
blown to the surface with the cuttings, posing a potential hazard to the drill crew and 
inspector.  Air drilling methods are generally unsuitable for highly contaminated, 
subsurface conditions due to the potential for personal exposure and cross-
contamination.   
 
 
 
 
3.2-9  ODEX SYSTEM 
 
3.2-9.1  General Considerations 
 
The ODEX drilling method has been adapted from an air percussion drilling method 
used in the construction industry to install earth anchors and tie-backs.  The standard 
percussion drilling equipment has been modified to allow for the installation of a heavy-
duty temporary casing.  The ODEX method is capable of drilling 3- to 6-inch diameter 
holes in unconsolidated materials and bedrock.  Conventional sampling is possible with 
a slight modification of the drilling method.  Figures 3.2-13 and 3.2-14 are schematics of 
the drilling equipment used in the ODEX system.   
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The ODEX method is suitable for unconsolidated materials, or down-hole hammer 
drilling in bedrock, although conventional rock coring can be accomplished through the 
use of temporary casing.  The ODEX drilling system is suitable for most soil conditions, 
although the bit has a tendency to plug in cohesive, granular soils with fines.   
 
3.2-9.2  Drilling Methodology 
 
The boring is advanced to the required depth by a combination of pilot and reamer bits.  
This drilling method incorporates simultaneous advancement of the boring with the pilot 
bit and enlargement with the eccentric reamer bit to the desired depth.  When the drilling 
is completed, the pilot bit is rotated in the opposite direction, aligning the bit with the 
eccentric reamer.  Once they are re-aligned, the drill tools can be withdrawn from the 
borehole (Figure 3.2-13) and a sampling device can be used to collect a representative 
sample.   
 
During the advancement of the boring, temporary steel casing is installed directly behind 
the reamer bits.  The casing is driven into place by a percussion motion without rotation 
(Figure 3.2-14).  Following completion of the boring, the casing can be removed.  If a 
permanent casing is desired, the steel casing can be replaced with a less expensive, 
smaller-diameter casing.  The permanent casing is installed inside the temporary steel 
casing, and the steel casing is withdrawn.   
 
3.2-9.3  Advantages and Disadvantages 
 
3.2-9.3.1  Advantages.   
 
o Drilling method is extremely fast and cost-effective.   
 
o Provides for the installation of temporary and/or permanent casing. 
 
o Limited use of water to cool the cutting bit is necessary in the drilling method.   
 
o Small rigs can be used on most terrains and under most weather conditions. 
 
o Borings can be used to install monitoring wells or instrumentation. 
 
o Standard soil samples can be obtained.   
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3.2-9.3.2  Disadvantages   
 
o Soil sampling may result in a significant reduction in drilling rate.   
 
o Requires an air compressor; air must be filtered to minimize volatile 
contamination.   
 
o Specialized equipment not readily available in all parts of Massachusetts; 
requires experienced operator.   
 
o Not suitable for fine-grained soils due to problems with the bit plugging. 
 
o Air emissions may be a problem at contaminated sites due to volatile and aerosol 
material discharged to the work environment.   
 
3.2-10  DRILLING FLUIDS 
 
Several types of drilling fluids, including water, air, mud, polymers, and surfactants, are 
used in the completion of borings.  In environmental investigations, clean water is the 
most commonly used fluid.  Mud is used occasionally.  Surfactants and polymers are 
rarely used in environmental investigations and, consequently, will not be discussed 
here.  The use of any drilling fluid, other than air and potable water, requires prior 
approval by DEP.  At other sites the use of drilling fluids other than air or potable water 
should be fully documented by the driller and described in the consultant's report.   
 
3.2-10.1  Functions of Drilling Fluids 
 
The selection of a specific drilling fluid will depend on the drilling equipment to be used, 
the nature of the soil and rock materials, and the constraints of the investigation.  The 
primary functions of drilling fluids are, as follows: 
 
o To remove cuttings from the borehole. 
 
o To stabilize the borehole. 
 
o To cool and lubricate the drill bit. 
 
o To control fluid loss in highly permeable formations. 
 
In addition, drilling fluids provide information, in the form of cuttings, about the 
generalized borehole stratigraphy.   
 
3.2-10.2  Factors Affecting Performance 
 
The ability of a drilling fluid to perform these functions is related to the following factors: 
 
o Viscosity - The resistance of liquids, semi-solids, and gases to movement or flow; 
a liquid having a high viscosity rating will resist flow more than a liquid having a 
low viscosity.   
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o Density - The mass of a substance per unit volume; the ratio of the mass of any 
volume of a substance to the mass of an equal volume of a standard substance. 
For example, water is used as the standard substance to which the ratio of a 
quantity of a drill mud is compared. Density is expressed in units of pounds per 
gallon, pounds per cubic ft, and kilograms per cubic meter.   
 
o Discharge - Outflow from a pump, drill hole, piping system, or other mechanism.   
 
o Drill Fluid - Usually water or mud-laden water (sometimes applied to compressed 
air, natural gas, or oil) circulated through a drill string to keep the bit cool and to 
wash produced cuttings away from the bit face; also called circulation fluid.   
 
o Gel - A form of matter in a colloidal state that does not dissolve but remains 
suspended in a solvent from which it fails to precipitate without the intervention of 
heat or an electrolyte.  A colloidal suspension exists in such a state that shearing 
stresses below a certain finite value fails to produce permanent deformation. The 
minimum shearing  stress which will produce permanent deformation is known as  
the shear or gel strength of the gel. Gels commonly occur   with bentonite in 
water.   
 
o Yield Point (yield value) - Stress needed to deform a plastic system sufficiently to 
initiate flow.   
 
3.2-10.3  Types of Drilling Fluids 
 
3.2-10.3.1  Water 
 
In environmental investigations, water is the most commonly used and preferred drilling 
fluid.  In small-diameter borings, 4-inches or less, water is quite effective in removing soil 
and rock cuttings during drilling.  In most cases the cuttings drop out of the water quite 
easily when discharged into a settling tank.  In certain materials, especially clays and 
rock, the cuttings may remain in suspension for long periods of time and, when 
recirculated, result in clogging of the drill rods and drill stem.  The easiest remedy is to 
replace the drilling water with fresh, clean water when it becomes too thick or dirty.   
 
In both rotary and bedrock coring drilling methods, water is used to cool and lubricate 
the bit.  Loss of circulation, due to blockage or formation conditions, can quickly destroy 
drilling tools.  Water flow may be monitored by observing flow meters generally located 
on the rig and by monitoring the volume of wash water discharge.  Even small quantities 
of water lost into the formation can be detected by a gradual lowering of the water level 
in the discharge tank.   
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Water is not capable of performing all the functions desired in a drilling fluid.  Water does 
not have the proper viscosity and density to stabilize and support the wall in uncased 
borings.  Water is lost into permeable formations.  This may be undesirable due to the 
addition of non-representative fluids to the aquifer and due to the drilling difficulties 
encountered when circulation is lost.  Except for very fine-grained materials, water is not 
capable of suspending cuttings in a borehole for extended periods of time.  Because of 
this, boreholes should be thoroughly flushed if drilling is interrupted.  Bits should be left a 
short distance off the bottom of the hole to avoid trapping the bit in the settled soil and 
rock cuttings.  
 
Water has the significant advantage that, in small quantities, it will have a minimal 
impact on the existing aquifer chemistry.  In all drilling applications, only clean, potable 
water should be used.  In contamination investigations, the drilling water should be 
tested prior to and periodically during drilling to assure that it is of suitable quality.  In 
contamination investigations, only clean water is an acceptable drilling fluid.   
 
3.2-10.3.2  Drilling Mud   
 
Drilling mud is a general term applied to several types of bentonite-based drilling fluids.  
As previously described, these fluids consist of a mixture of bentonite and water.  
Bentonite, a naturally occurring sodium montmorillonite clay, is added to water to 
increase its viscosity, density, gel strength, and lubrication capacity.  The plate-shaped 
clay particles expand in water and remain in colloidal suspension.  Properly mixed 
drilling fluid is capable of removing the cuttings, stabilizing the hole, and permitting the 
cuttings to settle out before recirculating.  Drilling muds have been developed primarily 
for large-diameter rotary holes where the annular space and size of the suspended 
particles are too large for water to be an effective drilling fluid.  A significant advantage of 
drilling mud is that it eliminates the need for the use of casing.  The use of drilling mud 
substantially speeds up a drilling program but is not acceptable in most environmental 
investigations due to the effects of the mud on the borehole permeability and chemistry.  
Experience has shown that drilling muds are very difficult to remove even after vigorous 
well development and purging.  Appropriate applications of bentonite-based drilling fluids 
in environmentally sensitive investigations might include: 
 
o Drilling pilot holes through thick, unsaturated, coarse-grained deposits where 
other techniques are ineffective. 
 
o Drilling fast reconnaissance borings as part of a preliminary investigation. 
 
o Completing borings for specific geotechnical or geophysical assessments. 
 
o Under some conditions the use of mud may minimize the potential for cross-
contamination during drilling.   
 
 
 
 
 
 
 
                                                    Section 3.2 
                                                    Page  28 
                                                    January 1991 
 
 
 
 
 
 
 
 
                                                    Section 3.2 
                                                    Page  29 
                                                    January 1991 
 
 
 
REFERENCES 
 
 
Atlas Copco - Sandrik Rock Tool Catalog: Sweden. 
 
Driscoll, F., 1986, Groundwater and wells:  St. Paul, MN  Johnson Div., 1089 p.   
 
Hunt, R., 1984, Geotechnical engineering investigation manual:  New York, NY, 
McGraw-Hill Co., 983 p.   
 
Keely, J.F., and Boateng, K., 1987, Monitoring well installation, purging and sampling 
techniques:  Ground Water Monitoring Review, v. 3, no. 2, p. 300-313.   
 
Morin, R.H., LeBlanc, D.R., and Teasdale, W.E., 1988, A statistical evaluation of 
formation disturbance produced by well-casing installation methods:  Ground 
Water, v. 26, no. 2, p. 207-217.   
 
Scalf, M.R., 1981, Manual of ground water quality sampling procedures:  Ada, OK, U.S. 
Environmental Protection Agency, R.S. Kerr Environmental Research 
Laboratory, 93 p. 
 
 
 
 ADDITIONAL REFERENCES 
 
 
Thrush, P.W., and the staff of the Bureau of Mines, 1968, A dictionary of mining, mineral, 
and related terms:  Washington, D.C., U.S. Dept. of the Interior, Bureau of Mines, 
1269 p.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                    Section 3.2 
                                                    Page  30 
                                                    January 1991 
 
 
SECTION 3.2 DRILLING TECHNIQUES 
 
LIST OF FIGURES 
 
 
Figure     Title                                         Page No.  
 
3.2-1  Illustration of Cable Tool Drill Rig ..........................................................  32 
 
3.2-2  Cable Rig Drilling Tools .........................................................................  33 
 
3.2-3  Schematic of Drive and Wash Drilling Method .....................................  34 
 
3.2-4  Schematic of Spun Casing Drilling Method. .........................................  35 
 
3.2-5  Schematic of Solid-stem Auger Drilling Method ...................................  36 
 
3.2-6  Components of Hollow-stem Auger ......................................................  37 
 
3.2-7  Detail of Lead Hollow-stem Auger .........................................................  38 
 
3.2-8  Schematic of Rotary Drill Rig ................................................................  39 
 
3.2-9  Drill String for Mud Rotary Drilling .........................................................  40 
 
3.2-10   Schematic of Mud Rotary Drilling Method ............................................  41 
 
3.2-11    Schematic of Air Rotary Drilling Method ...............................................  42 
 
3.2-12   Schematic of Air Circulation...................................................................  43 
 
3.2-13    Schematic of ODEX Bit .........................................................................  44 
 
3.2-14    Major Elements of ODEX Drilling System..............................................  45 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                    Section 3.2 
                                                    Page  31 
                                                    January 1991 
 
 
SECTION 3.2 
DRILLING TECHNIQUES 
 
LIST OF TABLES 
 
 
Table    Title                                        Page No.  
 
3.2-1 Relative Performance of Different Drilling Methods  
 in Various Types of Geologic .................................................................  46 
 
3.2-2 Dimensions and Weights for Standard Cable Tool  
 Drill Bits 
 
 (English Units) .......................................................................................  47 
 (S.I. Units)...............................................................................................  48 
 
3.2-3 Sizes and Weights for Tricone Roller ....................................................  49 
 
3.2-4 Volume of Water in Casings and Holes of Different 
 Diameters and Depths ............................................................................. 50 
3.2-5 Standard Sizes of Casing and Tools ......................................................  51 
 
3.2-6 Rotary Bits 
 
  (a)  Recommended Rotating Speeds for all Sizes and 
 Types of Bits in Various Formations .......................................................  52 
 
  (b)  Weight on Bit and Rotary Speed in Various 
  Formations ............................................................................................. 52 
  
3.2-7 Guide for the Use of Bit Types in Air Drilling 
 Systems .................................................................................................  53 
 
                                                    Section 3.2 
                                                    Page  32 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  33 
                                                    January 1991 
 
  
                                                    Section 3.2 
                                                    Page  34 
                                                    January 1991 
 
  
                                                    Section 3.2 
                                                    Page  35 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  36 
                                                    January 1991 
 
                                                    Section 3.2 
                                                    Page  37 
                                                    January 1991 
 
                                                    Section 3.2 
                                                    Page  38 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  39 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  40 
                                                    January 1991 
 
                                                    Section 3.2 
                                                    Page  41 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  42 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  43 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  44 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  45 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  46 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  47 
                                                    January 1991 
 
 
 
                                                    Section 3.2 
                                                    Page  48 
                                                    January 1991 
 
                                                    Section 3.2 
                                                    Page  49 
                                                    January 1991 
 
 
 
                                                    Section 3.2 
                                                    Page  50 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  51 
                                                    January 1991 
 
                                                    Section 3.2 
                                                    Page  52 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  53 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  54 
                                                    January 1991 
 
 
 
APPENDICES 
 
 
Appendix       Title                                   Page No.  
 
A-1 Example # 1 of a Boring Log .................................................................  55 
 
A-2 Example # 2 of a Boring Log .................................................................. 56 
 
A-3 Example # 3 of a Boring Log ................................................................. .57 
 
 
Note:  These are variations of the same theme.  Each one has certain advantages which 
are not related to a specific drilling technique. 
 
A-1:  This log visually shows blows/6-in and is particularly useful if extensive sampling 
for analysis will take place. 
 
A-2:  This log is useful if comments are important and Lower Explosive Limit (LEL) 
readings will be taken. 
 
A-3:  This log is preferred if multiple changes in geology are expected as there is plenty 
of room for descriptions. 
                                                    Section 3.2 
                                                    Page  55 
                                                    January 1991 
 
 
 
                                                    Section 3.2 
                                                    Page  56 
                                                    January 1991 
 
 
                                                    Section 3.2 
                                                    Page  57 
                                                    January 1991 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
COMMONWEALTH OF MASSACHUSETTS 
 
DEPARTMENT OF ENVIRONMENTAL PROTECTION 
 
 
 
 
 
STANDARD REFERENCES FOR MONITORING WELLS 
 
SECTION 3.3   BORINGS IN CONTAMINATED AREAS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                                   Section 3.3 
                                                   Page i 
                                                   January 1991 
                                           
 
SECTION 3.3 
BORINGS IN CONTAMINATED AREAS 
 
TABLE OF CONTENTS 
 
 
Section    Title                                          Page No. 
 
3.3-1    PURPOSE ....................................................................................................  1 
 
3.3-2   RECOMMENDED DRILLING METHODS ..................................................  2 
 
3.3-2.1   Telescoping Casing .....................................................................................  2 
3.3-2.2   Hollow-stem Auger/Flush-joint Casing ........................................................  3 
 
3.3-3 DISPOSAL OF DRILLING SPOILS  ...........................................................  4 
 
3.3-4 DECONTAMINATION OF EQUIPMENT ....................................................  4 
 
3.3-4.1  Cleaning the Drill Rig ...................................................................................  5 
 
 
REFERENCES  ....................................................................................................................  6 
 
 
 
 
 
LIST OF FIGURES 
 
 
Figure    Title                                         Page No. 
 
3.3-1 Telescoped Casing Method .........................................................................  8 
 
3.3-2 Monitoring Well Installed with Telescoped 
 Casing Method ............................................................................................   9 
 
3.3-3 Contaminated Borings - Drilling with Hollow-stem 
 Augers/Flush-joint Casing .........................................................................  10 
 
Section 3.3 
Page 1 
January 1991 
 
3.3  SECTION 
BORINGS IN CONTAMINATED AREAS 
 
 
3.3-1  PURPOSE 
 
A fundamental aspect of most contamination investigations is the delineation of the 
extent of contamination in soil materials and ground water.  Typically, both the 
horizontal (areal) extent and vertical distribution of the contamination must be 
defined.  Geologic heterogeneities, variations in hydraulic conductivity, and 
contaminant characteristics will significantly influence the subsurface distribution of 
the contaminants.  Accurate evaluation of contaminant migration and distribution 
requires the isolation and sampling of specific zones within an aquifer.  To ensure 
the collection of representative samples and to prevent cross-contamination of 
soils and ground water, special drilling techniques may be required.  In some 
cases, additional precautions must be taken during drilling to prevent 
contamination of nearby existing or potential water supplies.  Protection of the 
health and safety of workers at contaminated waste sites is discussed in Section 
2.3 Health and Safety Plans.   
 
For the purpose of this discussion, "contaminated areas" are defined as highly 
contaminated source areas (i.e., oil and hazardous materials spills, landfills, waste 
lagoons, or zones of highly contaminated ground water).  The contamination may 
occur in either the saturated or unsaturated zones or both, depending on the 
location of the source and length of time the leakage has been taking place.  In 
these areas drilling may alter or mask the existing distribution of contaminants by 
bridging contamination between aquifers.  Some drilling techniques are better 
suited than others for investigations in contaminated areas.  Generally, mud-rotary 
and air-rotary techniques are undesirable drilling methods in contaminated areas, 
due to the problem of inadequate control of fluids and cuttings in the borehole and 
at the surface (see Section 3.2).  The most suitable drilling methods for 
contaminated areas employ casing, either single or multiple, to seal off the 
overlying strata during drilling.  The basic considerations for selecting an 
appropriate drilling method at contaminated sites are, as follows:   
 
o To prevent cross-contamination or migration of contaminants in the 
borehole. 
 
o To obtain accurate and representative samples of formation materials and 
contaminants.   
 
o To introduce a minimum amount of water or fluid into the aquifer, preferably 
none at all.   
 
o To produce a borehole that does not pose a potential contamination 
migration pathway when a monitoring well is installed.  
 
o To minimize the safety hazards to the drilling crew, field personnel, workers 
at and residents of abutting properties.   
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3.3-2  RECOMMENDED DRILLING METHODS 
 
Because each site is unique in terms of geologic material, ground water 
characteristics, and types and properties of potential contaminants, the 
development of the subsurface exploration program may require modification of 
standard, generally accepted, drilling methods.  It is always advisable to plan a 
drilling program, so that the drilling sequence progresses from the cleaner areas to 
the more contaminated areas.  The drilling methods most generally recommended 
for application in contaminated subsurface conditions are briefly described in the 
following subsections.   
 
3.3-2.1  Telescoping Casing 
 
Perhaps the most common method used to prevent cross-contamination in a 
borehole during drilling is telescoping a smaller casing inside a larger one that has 
been terminated at some distance below a contaminated zone or at an impervious 
stratum.  Several drilling methods can be used to complete telescoped, multi-
cased wells.  These methods include cable tool, hollow-stem augers, drive-and-
wash, and spun casing.  In some situations, where the sampling of overlying 
contamination is not of interest, mud or air-rotary techniques might be used with 
prior approval from DEP.   
 
Telescoping methods may use either a temporary or permanent casing.  The 
telescoped casing method requires drilling a relatively large-diameter borehole, 
installing a temporary casing, and sealing that casing with a bentonite cement 
mixture.  Once the temporary casing is installed and sealed, a second, smaller-
diameter casing is set inside the first casing and drilling proceeds from the bottom 
of the temporary casing through the seal to the desired depth.  Casing may be 
"telescoped" two or three times depending on the number of contaminated zones 
encountered and the size of the casings.   When the boring has been completed to 
the desired depth, drilling stops. Depending on the site-specific project 
specifications, the borehole may either be plugged and the casing removed from 
the hole, or the borehole may be used for the installation of a monitoring well 
before the casing is pulled.  Plugging of boreholes is described in Section 3.9 of 
these Standard References; well installation is addressed in Section 4.3.   
 
In some applications (e.g., highly contaminated zones above an aquifer that serves 
as a water supply), initial installation of a permanent casing is preferable.  This is a 
more expensive method, due to the cost of the permanent casing and the time 
required for installation.  As shown in Figure 3.3-1, this method requires a series of 
steps.  First, a pilot hole is drilled to the desired depth, filled with grout, and a 
permanent casing is installed, as shown in Step 1.  In this technique, the pilot hole 
has a diameter larger than the permanent casing.  Once the grout has set up, a 
second casing is advanced by drilling through the grout plug on the inside of the 
permanent casing and continuing with the drilling as shown in Step 2 (Figure 3.3-
1).  As the second casing is removed, the well riser is sealed with grout to the 
surface.  This method produces a double seal through the highly contaminated 
zone at the surface and into the impervious stratum.   
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Advantages 
 
o It is the best technique for minimizing cross contamination. 
 
o Method is the least expensive technique as the casing is pulled. 
 
o Multiple casings can be utilized in difficult geological settings. 
 
o Multiple casings combined with seals provide the best protection against 
cross contamination. 
 
Disadvantages 
 
o Method can be expensive if permanent casing into bedrock is left in the 
ground. 
 
o Inner casing may jam or bridge inside of outer casing. 
 
o Casings can be difficult to pull if set at a depth. 
 
o Casings can be difficult to separate from each other. 
 
3.3-2.2  Hollow-stem Auger/Flush-joint Casing 
 
A combination of hollow-stem augers and flush-joint casing can also be used to 
complete a boring where the contaminated sources occur above the water table.  
Large-diameter (i.e., 6- to 8-inch ID) hollow-stem augers can be used to advance 
the borehole to the top of the water table, or the boundary between the 
contaminated/clean horizon (as determined by field screening), or to the top of an 
impervious stratum above the water table.   
 
The borehole would then be advanced beyond this depth with flush-joint casing 
(i.e., 4-, 5-, or 6-inch OD) that is placed inside the hollow-stem augers.  The flush-
joint casing can be advanced with standard drive-and-wash techniques.  Standard 
soil samples can be obtained with either method.  A schematic of this drilling 
method is presented in Figure 3.3-3.  It is recommended that (1) all casing be 
flush-joint, threaded steel; and (2) that the flush-joint casing should be driven 
through the remaining portion of the impervious strata to minimize the potential for 
cross-contamination.  If spun technique is required, a second telescope can be 
placed inside the driven casing.   
 
In this drilling method, the augers would not penetrate below the contaminated 
zone, except to reach the top of an impervious stratum above the water table.  
Therefore (1) the contaminants would not be smeared or dragged down or up by 
the augers, and (2) monitoring well installations would not be compromised by the 
auger methodology.  Installation of telescoped casing inside a hollow-stem auger 
has the following advantages and disadvantages:   
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Advantages 
 
o Water would not be required near highly contaminated surface zones.   
 
o Casing can be spun into bedrock, if desired.   
 
o Contaminated zones at greater depths can be isolated by additional 
telescoping of flush-joint casing.   
 
o Standard soil samples can be collected.   
 
Disadvantages 
 
o Inner casing may jam or bridge inside augers.   
 
o Introduction of water during drilling is required when using inner casings.   
 
3.3-3  DISPOSAL OF DRILLING SPOILS 
 
Another significant consideration when drilling in contaminated areas is the 
disposal of drilling spoils that may include water as well as soil.  Efforts should be 
made to minimize the amount of material that is removed from the contaminated 
area and the amount of equipment or water that comes in contact with the 
contaminants.  If a site is highly contaminated, drill cuttings and fluids must be 
containerized, screened for chemical contaminants, and, in some cases, 
manifested as hazardous waste.  In designing a drilling program for a suspected or 
known oil or hazardous material disposal site, consideration should always be 
given to minimizing the amount of waste material produced, as its disposal can 
result in logistical problems during drilling and substantial costs for disposal.  For 
these reasons, auger or casing techniques are often preferred over drive-and-
wash techniques because liquid drilling spoils are more difficult to contain.   
 
3.3-4  DECONTAMINATION OF EQUIPMENT 
 
Decontamination of equipment used to collect samples is essential in order to 
maintain the integrity of the chemical data from different sampling locations.  In 
general, decontamination should provide for adequate cleaning of the drilling and 
sampling tools for the particular contaminants found at a specific site.  Different 
chemicals or mixtures of chemicals will require the use of different cleaning 
methods or compounds.   
 
The method or compounds selected for decontamination should fully remove site 
contaminants from the sampling equipment without interfering with the specific 
chemical analysis for that site.  The method of choice should also consider the site 
and weather constraints.   
 
In general, decontamination usually is a sequential procedure beginning with a 
water rinse, detergent wash/steam cleaning, solvent and/or acid/base wash and 
final deionized or potable water rinse.  If wash/rinse steps are conducted in 
containers (i.e., buckets, drums, etc.), the solutions should be changed between 
each boring or sample location to prevent cross-contamination.  Based on the 
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anticipated contaminants at a specific site, the choice of decontamination methods 
and compounds may consist of the following:   
 
o Potable water rinse. 
 
o Detergent (i.e., liqui-nox which is biodegradable or Alconox which is 
biodegradable and phosphate-free) wash followed by potable or distilled 
water rinse. 
 
o Steam cleaning. 
 
o Low strength organic solvent (i.e., methanol/ethanol/alcohol) wash followed 
by water rinse. 
 
o High strength organic solvent (i.e., hexane/freon) wash followed by water 
rinse.* 
 
o Common petroleum product (i.e., fuel oils, kerosene, gasoline) wash 
followed by detergent wash and water rinse.*  
 
o Acid/base wash followed by water rinse. 
 
*Decontamination solutions require special handling.   
 
More than one method or compound may be used in series for a particular site.  
Section 6.5 of the Standard References describes the choice of decontamination 
methods in terms of the required test parameters.  In extreme cases, disposable 
equipment is recommended over decontamination because the level of effort and 
costs required to adequately clean the equipment and dispose of the 
decontamination solutions may not be warranted.   
 
3.3-4.1  Cleaning the Drill Rig 
 
All drilling equipment should be decontaminated prior to arriving at the site.  An 
inspection of the equipment should be made prior to moving onto the site.  It is 
essential that all parts of the drill pipe, drive head, tracks, or wheels be thoroughly 
cleaned at the site before starting work.  The drill rig and attached equipment 
should be thoroughly steam-cleaned between contaminated borings.  If necessary, 
the equipment should be scrubbed to loosen packed-on materials.  Those parts of 
the drill rig that do not come in contact with the well installation or sampling 
equipment should be cleaned as necessary between borings.  Vehicle wheels and 
tracks should be checked and cleaned between borings to prevent the spreading 
of contaminated soil and liquid around the site.  At the completion of the 
exploration program, the drill rig and attached equipment should be 
decontaminated prior to leaving the site.   
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3.4  IN SITU SAMPLING OF SOIL 
 
3.4-1  PURPOSE 
 
Considerable variability exists in methods used to obtain soil samples by both 
different individuals and by a single individual, particularly when an established 
procedure is not available for reference.  The purpose of this Standard Reference 
(SR) is to provide methods and procedures for the collection of soil samples that will 
reduce variability and encourage continuity in sample collection protocols by 
samplers.   
 
Soil is a natural unconsolidated aggregate of mineral grains that is formed as the 
result of chemical and physical weathering of consolidated rock formations.  It is 
sampled to obtain a specimen (disturbed or undisturbed) that is representative of a 
particular subsurface stratum.  It can be sampled for chemical analysis, geotechnical 
analyses, and geologic classification.  Selection of a specific sampling technique is 
dependent on the objectives of the environmental assessment.  For example, while 
some projects may require a detailed sampling program to quantify a deep source of 
contamination, other projects may require characterization of only the uppermost 
surficial soils for clean-up of a recent spill.  Characterization of extensive 
contamination may require collection of samples from multiple depths.  The selection 
of site-specific soil sampling techniques may be influenced by one or more of the 
following factors:   
 
o Purpose of exploration. 
 
o Depth of soil to be sampled. 
 
o Anticipated subsurface soil types and conditions. 
 
o Engineering properties to be determined. 
 
o Depth to the water table. 
 
o Degree and types of contamination anticipated, if any. 
 
Once the method of exploration (e.g., test pit, boring, or hand auger) has been 
determined, the sampling methodology required to provide appropriate specimens 
for analyses should be selected.  Soil sample methodologies fall in to two broad 
categories:   
 
o Disturbed Samples 
 
o Undisturbed Samples 
 
This SR describes sampling devices and procedures for the collection of both 
disturbed and undisturbed samples at sites that are presumed to be either 
uncontaminated or contaminated.  It has become an increasingly accepted field 
procedure at contaminated sites to screen soil samples with a photoionization 
detector (PID) to check for the presence of volatile organics.  While many sampling 
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devices are available to collect soil samples, this section provides SRs only for those 
devices most commonly used in environmental assessment work.  Other devices, 
traditionally used for geotechnical engineering studies, are only listed here.  SRs for 
engineering studies are outside the scope of this section and are not included.   
 
For the purpose of conducting environmental testing, the following factors should be 
considered in selecting the sampling method:   
 
o Representativeness 
o Sample suitability for selected analysis 
o Ease of operations 
o Flexibility 
o Practicality 
o Safety 
o Budget 
o Requirement for decontamination 
 
The significance of these factors will be determined by the purpose and objective(s) 
of the sampling plan and the type of environmental assessment to be conducted.   
 
The following sections describe various methods and equipment used to obtain 
representative samples and some of the constraints upon their use.  
Decontamination of sampling equipment is not included in this section; it is discussed 
in Section 2.3 and 6.0.   
 
3.4-2  DISTURBED SAMPLES 
 
A disturbed sample is a representative sample of a selected geologic unit that has 
undergone structural alteration as a result of the sampling operation.  These types of 
samples can be used for soil classification, soil index testing, and analytical testing 
purposes.  Disturbed samples obtained from borehole cuttings may not be 
representative of in-place strata and, therefore, are only suitable for general lithologic 
identification.   
 
Soil samples may be either discrete or composite.  A discrete sample represents a 
single location within the soil column; it must be used for all volatile organic analyses.  
A composite sample represents a mixture of soil from more than one discrete 
location.  If a composite sample is to be obtained, it can be mixed in a shallow high 
density polyethylene pan, lined with aluminum foil, or in a stainless steel pan.  
Stainless steel sieves may be used to remove larger rock fragments (see Figure 3.4-
1).  Such compositing procedures are not appropriate for samples obtained for 
analysis for volatile organic compounds because the agitation of the sample results 
in a loss of volatiles from the sample.   
 
Soil sampling devices used to collect disturbed samples are separated into two 
groups, differentiated by the depth of sampling:   
 
o Surface and shallow subsurface soil sampling 
o Borehole soil sampling 
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3.4-2.1  Surface and Shallow Subsurface Soil Sampling 
 
Surface and shallow subsurface soil sampling is generally done using 
manually operated sampling equipment.  Depending on the subsurface 
conditions, this method is limited to approximately 20 feet of the soil.  In some 
cases backhoes can be used to make excavations to depths of more than 20 
feet.  Soil sampling devices and equipment that can be used to obtain surface 
and shallow subsurface soil samples include:   
 
o Cleaned or disposable scoops, hand trowels, and shovels 
o Slotted sampling trier 
o Hand auger 
o Backhoe buckets 
o Plastic syringes 
 
3.4-2.1.1  Scoops, Hand Trowels, and Shovels  
 
The practical sample depth of scoops, hand trowels and shovels ranges from 
the surface to about two feet.   
 
 (a)   Advantages   
 
o Ease of use. 
 
o Easy to decontaminate. 
 
o An inexpensive method to collect samples at or near the 
ground surface. 
 
 (b)  Disadvantages   
 
o Limited depth of sampling. 
 
o Difficult or impossible to use in frozen ground. 
 
o Difficult in gravelly soil. 
 
 (c)   Procedures for Use   
 
 (1) Carefully remove the top layer of soil to the desired sample 
depth with a clean tool.   
 
 (2) If applicable, screen the area to be sampled using a organic 
vapor analyzer and record readings in the field log.  The PID 
screen is used as a field safety procedure as well as for 
selecting potentially contaminated soil samples.   
  
   The soil readings should be compared to action levels 
presented in the project Health and Safety Plan (see Section 
2.3).  The operator of the PID must be experienced in its use 
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and aware of the effect of factors such as temperature, 
humidity, or methane affecting the instrument readings.   
 
 (3) Using a clean tool, remove and discard a thin layer of soil from 
the area that came in contact with the shovel. 
 
 (4) Obtain a discrete soil sample using a stainless steel lab spoon 
or its equivalent.  Place the sample into a sterile wide-mouth 
glass soil sample jar with screw on cap.  In addition to 
analytical samples, a reference sample considered 
representative of the soil may also be collected and stored in a 
glass jar for future use. 
 
 (5) Check that a teflon liner is present in the cap of all analytical 
sample jars, if required.  Secure the cap tightly.  Although 
chemical preservation of solids is generally not required, the 
samples should be refrigerated and analyzed within specified 
holding times.   
 
 (6) Label the sample bottle with the appropriate sample tag.  Be 
sure to label the tag carefully and clearly using indelible ink.  
Complete all chain-of-custody documents and record in the 
field log book.  Use of pre-labelled bottles aids greatly, 
particularly if gloves are being worn or weather conditions are 
adverse. 
 
 (7) Decontaminate equipment after use and between sample 
locations.  Also decontaminate sample containers and/or 
isolate them (such as sealing in Ziploc bags). 
 
3.4-2.1.2  Soil Sampling Tube 
 
This sampler is useful within a depth range of two and one-half to three feet, 
depending upon soil conditions.  Samplers range in diameter from one to two inches.  
A soil sampling tube allows for visual inspection of the specimen or screening with a 
PID before it is placed into a sample container. An example of a soil sampling tube is 
shown on Figure 3.4-2.   
 
       (a)   Advantages   
 
o Ease of use. 
 
o Limited disturbance of ground surface. 
 
o Inexpensive method for collecting shallow soil samples. 
 
 (b)   Disadvantages   
 
o Limited depth of sampling. 
 
o Difficult to use in hard or frozen ground. 
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o Difficult to use in gravelly or filled soils. 
 
o Lack of sample retention with dry, clean sandy soils. 
 
 (c)   Procedures for Use   
 
 (1) Make certain that the soil sampling tube has been 
decontaminated in accordance with project-specific 
requirements. 
 
 (2) Align the sampler in the desired orientation and advance into 
the soil using a constant pressure until the desired depth is 
achieved and/or an obstruction is encountered. 
 
 (3) Rotate the sampler 360 degrees by turning the handle and 
then slowly withdraw the sampler. 
 
 (4) If applicable, immediately screen the sample for volatile 
organic compounds using a PID after the sampler is removed 
from the ground.  The most effective way to screen the sample 
is to place it in a soil sample jar, leaving one to two inches of 
clearance in the jar.  Place the lid on the jar, shake the 
sample, carefully remove the lid, and test the headspace for 
VOCs.   
 
 (5) Compare PID readings to action levels presented in the project 
Health and Safety Plan.  The operator of the PID must be 
experienced in its use and aware that factors such as 
temperature, humidity, and methane may affect the readings.   
 
 (6) Obtain samples (discrete or composite) and place in 
appropriate containers. 
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3.4-2.1.3  Hand Auger:  Solid-stem Auger 
 
Hand augers are effective in obtaining soil samples to depths of about five feet.  The 
auger diameter ranges from 1.5 inches for a solid-stem auger to 8 inches for a hollow 
or bucket auger (see Figure 3.4-3).   
 
Exploration with solid stem augers precludes the use of a separate soil 
sampling device. Soil samples are obtained either from cuttings brought to the 
ground surface by auger flights or directly from the auger after it has been 
withdrawn from the borehole.  This sampling technique does not provide 
discrete samples.   
 
 (a)   Advantages.   
 
o Ease of use. 
 
o Inexpensive method to obtain shallow soil samples. 
 
o Minor disturbance of ground surface. 
 
 (b)   Disadvantages.   
 
o Does not yield a representative sample from discrete depth; 
sample obtained from auger flights. 
 
o Difficult to penetrate coarse, granular soils. 
 
o Rotation of auger up and down hole may result in cross-
contamination of soils.   
 
o VOCs are not representative as volatilization may take place. 
 
 (c)   Procedures for Use 
 
 The general procedure for advancing a hand auger exploration is discussed 
below.  
  
 (1) Decontaminate all hand auger equipment in accordance with 
project requirements. 
 
 (2) To make a hand auger borehole, attach the auger bit to a drill 
rod extension, and attach a "T" handle to the drill rod. 
 
 (3) Clear the area to be sampled of any surface debris (twigs, 
rocks, of litter).  It may be necessary to remove the first three 
to six inches of surface soil for an area approximately six 
inches in radius around the auger location. 
  
 (4) Begin augering by pressing down on the handle while 
manually rotating the auger stem.  Periodically remove soil 
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cuttings that accumulate on the ground around the auger 
stem.  This will prevent loose material from falling back down 
into the borehole when removing the auger or adding drill rods.  
If necessary, cuttings should be screened for volatile 
compounds (VOCs) with a photoionization meter (PID) or for 
other parameters, as appropriate.   
 
 (5) Compare PID readings to action levels presented in the project 
Health and Safety Plan.  The operator of the PID must be 
experienced in its use and aware of such factors as 
temperature, humidity, and methane on the readings provided 
by the PID. 
 
 (6) After reaching the desired depth, carefully remove the auger 
from the hole.   
 
 (7) To obtain a soil sample, remove the tip from the auger and 
replace it with a decontaminated sampler.  (Note:  When 
sampling directly from the auger, collect the sample after the 
auger is removed from the boring and proceed to Step 10). 
 
 (8) Carefully lower the sampler down the hole.  Gradually force the 
sampler into the soil.  Care should be taken to avoid smearing 
the borehole sides.  Hammering of the drill stem to facilitate 
sampling should be avoided as the vibrations may cause the 
walls to collapse. 
 
 (9) Remove the sampler and unscrew the rods, if necessary.  
 
 (10) Place the soil sample in a decontaminated stainless steel tray 
and screen with a PID for VOCs.  Place the soil to be analyzed 
into an appropriate container. 
 
 (11) Decontaminate sampling equipment after use and between 
sampling locations, as necessary. 
 
3.4-2.1.4  Hand Augers:  Hollow-stem Auger 
 
Exploration using a hollow-stem auger is similar to that for a solid stem auger except 
that the bottom section of the auger is designed to retain a sample of soil as the 
auger is advanced.  As a result, the borehole is advanced in intervals equal to the 
length of the hollow-stem auger section.   
 
       (a)   Advantages   
 
o Ease of use. 
 
o Inexpensive method to obtain shallow soil samples. 
 
o Minor disturbance of ground surface. 
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 (b)   Disadvantages   
 
o Difficult to penetrate coarse, granular soils. 
 
o Sampler section needs to be decontaminated between sample 
collection. 
 
o Potential for contaminated soils to fall from the walls of the hole as 
the augers are removed or reinserted into the hole. 
 
o Lack of sample retention in saturated sands and other loose soil 
materials.   
 
o Not good for discrete depth samples.   
 
 (c)  Procedures for Use 
 
 See Solid Stem Auger section on procedures (3.4-2.1.3) 
 
3.4-2.1.5  Hand Augers:  Bucket Auger 
 
The bucket auger is advanced in the same way as the hollow-stem auger.  The 
bucket auger makes a larger diameter hole (e.g., 3- to 4-inch diameter) than the 
hollow-stem hand auger.  It can be advanced to depths of 10 feet.   
 
 (a)   Advantages   
 
o Ease of use. 
 
o Inexpensive method to obtain shallow soil samples. 
 
o Minor disturbance of ground surface. 
 
o Can be used to sample discrete depth intervals. 
 
 (b)   Disadvantages   
 
o Difficult to penetrate coarse, granular soils. 
 
o Sampler section needs to be decontaminated between sample 
collection in contaminated areas. 
 
o Potential for contaminated soils to fall from the walls of the hole as 
the augers are removed or inserted in the hole. 
 
 (C)   Procedures for Use 
 
 See Solid Stem Auger section for procedures (3.4-2.1.3) 
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3.4-2.1.6  Backhoes 
 
The standard procedure for making test pits or trenches with a backhoe and the 
collection of soil samples from them is presented in detail in Section 3.1 Exploratory 
Test Pits.   
 
3.4-2.2  Borehole Sampling 
 
Boreholes are used when it is necessary to obtain representative soil samples at 
depths greater than 15 to 20 feet (beyond small to medium-sized backhoe reach) or 
when soil conditions or subsurface contamination suggests the use of a more 
discrete technique.  Boreholes can be advanced using several different techniques, 
with casing or hollow-stem augers being the most commonly employed techniques.  
Section 3.2 Drilling Techniques presents a detailed discussion of the various 
techniques used to drill a borehole.  Disturbed soil samples obtained from boreholes 
are most commonly collected using the following techniques and devices:   
 
o Split-spoon and Split-tube Samplers 
 
o Cuttings Sampling 
 
3.4-2.2.1  Driven Split-spoon and Split-tube Samplers 
 
The primary device for obtaining a disturbed soil sample, considered representative 
of the material from which it is obtained, is the split-spoon sampler.  Samples 
obtained using this device are suitable for physical and environmental laboratory 
analyses.  Further, when the split-spoon sampler is driven in accordance with the 
Annual Book of ASTM Standards, Standard Penetration Test (D 1586-84), blow 
count data may be used as an index of soil density or consistency.   
 
The split-spoon sampler consists of a steel tube split longitudinally, equipped with a 
ball check valve in the head for venting, and a hardened steel shoe for driving, see 
Figure 3.4-4.  When the head and shoe are removed, the split-barrel opens into two 
halves exposing the entire sample.  The split-spoon is driven into the soil at the 
bottom of the borehole.  The recovered sample is then described, and removed for 
classification and preservation.  The split-spoon sampler is available with inside 
diameters ranging from 1.5 to 4.5 inches in 0.5-inch increments.  It is also available 
in barrel lengths of 18 inches to 60 inches.  The most commonly used split-spoons 
are 1.5 inches inside diameter with barrels that are 18- or 24-inches in length.  The 
ASTM Standard Penetration Test requires the use of the 1.5-inch inside diameter 
spoon.  Various baskets, sleeves or "trap doors" can be added to the sampler to 
assist in the retention of the sample during the recovery process.   
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 (a)   Advantages.   
 
o Readily available. 
 
o Easy to decontaminate. 
 
o Used to sample to depths exceeding 100 feet. 
 
o When driven in accordance with ASTM D 1586-84, the data can 
be used to establish geotechnical engineering parameters such as 
soil density or consistency.   
 
o Better soil recovery than hand methods.   
 
 (b)  Disadvantages.   
 
o Lack of sample recovery in very dense or coarse gravel material.   
 
o Limited soil volume from discrete depth intervals.   
 
  
 (c)  Sampling Intervals 
 
 Split-spoon samples are generally collected continuously or at every 
change of stratum or at 5-foot intervals.  The sampling frequency 
should be designed to meet the required sampling objectives.   
 
 The sampling interval shall be determined on a project-by-project basis.  A 
sufficient number of split spoons must be available at the borehole so that 
necessary decontamination of spoons does not excessively delay drilling.  On 
the other hand, since obtaining the soil samples is the purpose of the 
exploration, drilling rates should never hurry soil logging or sample collection 
to the point where data quality is compromised.  The drill inspector/geologist 
must control the situation.   
 
 (1)  Continuous Sampling   
 
  Advantages 
 
o Allows the complete soil interval to be observed and/or screened. 
 
o Provides a near continuous vertical sample of the soil column 
sampled. 
 
o Can detect soil or contaminant variations that might be missed by less 
frequent sampling intervals. 
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o  
 
  Disadvantages 
 
o Slower rate of sampling with depth. 
 
o Increasing cost per sample with increasing depth. 
 
 (2)  5-foot Intervals   
 
  Advantages 
 
o Less expensive than continuous sampling. 
 
o Appropriate for relatively homogeneous soil conditions.  
 
 Disadvantages 
 
o May not yield enough detailed geologic information in complex 
deposits. 
 
o May miss important stratigraphic or contaminant variations.   
 
o Poor recovery from successive samples may yield insufficient data to 
characterize large vertical intervals of soil.   
 
  
 
 (d)  Procedures For Use   
 
 (1) Advance the casing/augers to the required sample depth using one of 
the techniques described in Section 3.2 Drilling Techniques. 
 
 (2) Decontaminate all split-spoon sampling equipment in accordance with 
the project-specific quality assurance plan (see Section 6.1). 
 
 (3) After the borehole has been advanced to the desired sampling depth, 
assemble the sampler and lower it carefully to the bottom of the hole. 
 
 (4) With the split-spoon sampler set at the bottom of the hole, mark the 
drill rod at consecutive six-inch intervals for measuring the blows per 
six inches of driving.  The drill rods are marked with reference to a 
common datum.  Be certain that the bottom of the hole is at the 
bottom of the casing.  If the sampler is not at the bottom of the casing, 
it should be withdrawn and the hole cleaned out again. 
 
 (5) Obtain samples by using the standard penetration test (SPT) which 
determines the driving resistance within the zone sampled.  Drive the 
sampler using a 140-pound hammer with a vertical free drop of 30 
inches. 
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  Check that the vertical free drop is 30 inches by marking the drive 
head. The driller should use no more than two wraps of the rope 
around the cathead.  (A cathead is a rotating horizontal drum with 
flanged edges.  When tension is put on a rope around the cathead, 
the rope tightens on the drum and can be used to lift a 140 or 300 lb 
weight.)  Be certain that the rope is fully released to permit completely 
free fall of the hammer.  The number of blows to drive each six-inch 
interval should be recorded.  Drive the sampler at least 18 inches, 
unless refusal as defined in the project specifications, is met.  
Samples up to 24 inches in length may be collected with appropriate 
sampling equipment. 
 
 (6) After driving the sampler, the drill rods may have to be turned 
clockwise to free them from the soil and to permit retrieval.  Carefully 
retrieve the sampler to avoid unnecessary banging or vibration of the 
drill rods as these actions may cause soil to fall out of the sampler.  
Avoid bumping up the rods with the hammer. As an alternative to 
bumping the sampler free from very dense soils it is sometimes 
necessary to use the drill rig's hydraulic capability to pull the rods.  
Where washed borings are being used, the casing must be kept full of 
clean water at all times.  This will require adding water while the rods 
are being withdrawn prior to sampling and when the sampler is 
withdrawn.  The addition of water to hollow-stem augers may also be 
required.  Where soil samples for chemical analysis are to be 
obtained, the water supply should be uncontaminated and verified by 
a sample of the field screening with a PID periodically and collecting 
at least one sample for chemical analyses as identified in the project 
work plan.  (This subject is more fully discussed in Section 6.0.)   
 
 (7) When the sampler is brought to the ground surface, open it 
immediately, scan for VOCs using a PID, measure the length of 
recovery and enter significant sample data in the field book and on the 
boring log (see Figure 3.4-5).  Loose wash at the top of the sample 
should not be counted as part of the recovery. 
 
 (8) Adequate recovery will be defined by the site-specific sampling plan 
or by the project geologist/engineer.  If recovery is determined by the 
geologist/engineer to be insufficient, place the sampler back down the 
hole and advanced as follows:  if the original depth is reached, drive 
the sampler an additional 18 inches and record the blows as a new 
sample; if the original depth is not reached, redrive the sampler to 
recover disturbed material.  Record only the original blow count and 
note that the sample was redriven. 
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3.4-2.2.2  Auger-advanced Split-tube Sampler 
 
In recent years, a split-tube sampler has been developed that fits into the bottom 5-
foot section of a hollow-stem auger drill string.  With this method, as the augers are 
advanced, the split-tube "cores" the soil for each 5-foot run.  Assuming 100% 
recovery, this device will yield a 2½ to 3½-inch diameter by 5-foot long slightly 
disturbed soil sample; this is about 1-inch less than the hollow-stem auger I.D.  The 
sampling procedure is shown on Figure 3.4-6.  The procedures to be used to collect 
split-spoon samples by this technique follow. 
   
 (a)  Advantages 
 
o Less expensive since sampling occurs simultaneous with drilling. 
 
o Very efficient in relatively homogeneous soil conditions. 
 
o Can chemically screen five-foot wide samples.  
 
 (b)  Disadvantages 
 
o Sample can become disturbed during augering making geological 
interpretation difficult. 
 
o May not yield detailed geological information in complex deposits. 
 
o Poor recovery from successive samples may yield insufficient data to 
characterize large vertical intervals of soil. 
 
 (c)  Procedures for Use 
 
 The procedure for use of the auger-advanced split-tube sampler is the same 
as for the driven split-spoon sampler described above in Section 3.4-2.2.1(d) 
except for four steps (i.e., where the sampler is placed in the borehole and 
advanced).  Follow the steps described in the previous subsection for (1) and 
(2).   
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 (3)       After the augers have been advanced to the sample depth, remove 
the auger plug and lower the decontaminated 5-foot long split tube and lock it 
into the bottom 5-foot section of the auger. 
 
 (4) Place a 5-foot section of augers on the top of the drill stem and secure 
it to the drill head.  A stroke of 5-feet is then marked on the drill head guide 
bars. 
 
 (5) Advance the auger at a slow, smooth rate until the 5-foot stroke is 
complete or an obstruction is encountered. 
 
 (6) After the advance of the auger is complete, release the drill head from 
the augers and retrieve the split-tube sampler from the borehole. 
 
 (7), (8), (9), (10), (11), (12), (13), and (14) follow the steps described in the 
previous subsection (3.4-2.2.1(d) 1 through 8).   
 
3.4-2.2.3  Sampling Borehole Cuttings 
 
An alternate, through less desirable method of obtaining a soil sample during drilling 
is from cuttings generated by wash water used to remove soil from inside a casing or 
from cuttings brought to the ground surface on auger flights.  Samples collected in 
this manner are not suitable for physical or environmental analysis because of their 
non-representative nature.  Information from cutting samples should only be used to 
supplement information between the intervals where representative samples are 
collected.  Although samples collected from cuttings are not acceptable for physical 
or environmental analysis, a discussion of two methodologies is included for 
reference purposes.   
 
 (a)  Wash Sampling 
 
 The term "wash boring" refers to the technique of advancing a hole by using 
a stream of water under pressure to remove the cuttings produced by the 
rotation or chopping action of the drill string.  As the hole is advanced, the soil 
is washed to the surface where it can be caught, decanted, and saved as 
"wash samples" or "wet samples".  Borehole cuttings of this type will give a 
very general picture of the subsurface conditions, but intermixing of the 
various strata may lead to erroneous interpretations.  An estimate of the 
depth (or range of depth) from which the sample was obtained can be 
recorded on the log sheet.  Much of the finer fraction will not settle out.  The 
resulting sample will have a coarser gradation than this in-situ soil.   
 
 (b)  Auger Cuttings 
 
 Auger cuttings are produced as the borehole is advanced and the auger 
flights transport material upward to the ground surface.  Auger cuttings are 
reworked and the depth from which cuttings observed on the ground surface 
originated cannot be accurately determined.  Obvious changes in auger 
torque or vibration may indicate changes in strata.  Where geology is 
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complex and/or critical for site characterization, this information should only 
be used to supplement other direct determinations of geologic characteristics.   
 
3.4-3  STORAGE OF DISTURBED SOIL SAMPLES 
 
When taking soil samples for environmental analyses, remove the disturbed soil 
samples from the sampler and place in appropriate containers.  Trim the soil core 
after sampling so that samples can be taken from the bulk of the core rather than the 
surface. A single split-spoon core may provide for more than one individual sample 
depending on conditions encountered and lithologic changes.   
 
3.4-3.1  Containers for Soil Samples 
 
Representative samples to be used for physical laboratory testing and/or soil 
description purposes shall be placed in large mouth, round, screwed top, air-tight, 
clear glass jars.  Typically, the size of the jars should be 8 ounces for 1-3/8-inch 
diameter samples and 12 ounces for 2-1/2-inch diameter samples.  After 
environmental samples have been obtained, place the remaining specimens in air-
tight jars so that the original moisture content may be preserved.  The jars should be 
tightly capped, waxed, and suitably boxed, marked, and identified with legible labels, 
as directed by the geologist/engineer.   
 
3.4-3.2  Data for Labels and Field Book 
 
The label information should be placed on a gummed printed label that can be 
affixed to the jar not to the cap.  Use of clear acetate tape over the label is 
recommended to doubly secure the label and protect the information thereon.  In 
addition, label the jar lid with the project number, boring number, number of sample, 
and depths at top and bottom of the sampling interval.  A labeled jar often is 
prepared for every sample attempted, even if there is no recovery.  Place jar 
samples should into containers, such as cardboard boxes, with dividers to prevent 
movement and breakage of the jars.  Label the boxes on the top and four sides to 
show the project number and name, the identification of the samples contained in the 
box, and the depth from which the samples were taken.   
 
If all of the soil recovered is to be collected and saved, place samples into jars in six-
inch increments or, where lenses or layers are clearly evident, separate the material 
types into different jars.  Each six-inch increment or individual layer of a sample 
should be assigned a letter suffix, beginning with "A" at the bottom of the sample.  
Figure 3.4-7 shows sample selection based on individual layers while Figure 3.4-8 is 
based on 6-inch increments in a uniform material.  If only six inches of a sample is 
recovered, this would be given the suffix "A".  This information should also be noted 
on the boring log.   
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Sample information to be included on sample labels and in boring logs and field 
books should include the following information:   
 
o Project name and number. 
o Boring number. 
o Depths at top and bottom of sample interval. 
o Number of sample. 
o Number of blows for each six inches of penetration (blow counts).   
 
o Organic vapor analyzer results.   
o Date of sampling. 
o Other project-specific information (field book only). 
o Recovery in inches (field book only). 
 
3.4-3.3  Storage and Shipment 
 
Protect representative jar samples from the weather, including excessive heat and 
freezing temperatures.  If the representative samples are contaminated, evidence 
tape or custody seals should be placed across the jar lids.  For commercial shipment 
of contaminated samples see Section 6.3.   
 
Initiate proper procedures for delivery to the designated laboratory when all samples 
have been collected.  This includes packaging, shipping with sample logs, analysis 
request forms, and chain-of-custody forms.   
 
Indicate the type of material on the boring log and described in accordance with the 
Annual Book of ASTM Standards using the Modified Burmister classification, Unified 
Soil Classification System (D 2487-66 and D 2488-69), or DEP approved-equivalent.   
 
3.4-4  REPRESENTATIVE "UNDISTURBED" SOIL SAMPLES 
 
Relatively "undisturbed" samples have traditionally been collected for the purpose of 
determining specific geotechnical engineering properties of soils through special 
laboratory tests.  Relatively undisturbed samples of soil can be obtained using 
samplers equipped with thin-walled tubing or by block samples.  Thin-wall tube 
samples are obtained from boreholes and, as a result, can be collected at various 
depths.  Block samples are commonly collected from test pits or trenches and, as a 
result, are generally shallow, less than 20 feet.  A description of appropriate 
procedures for each method of collection follows.   
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3.4-4.1  Thin-Wall Tube Samples 
 
This collection technique consists of pressing thin, seamless tubing into cohesive 
soils of soft consistency for observation and laboratory testing.  Although loose, fine-
grained granular soils may be sampled with this method, sample retention is a 
problem even if the sampler device is equipped with a piston that creates a vacuum 
to help retain the sample in the tube.  It is more easily used in non-granular, fine-
grained material, such as silt or clay.   
 
The thin-walled tubing, more commonly referred to as Shelby tubes, may be any 
thin-wall tubing with a tapered cutting edge.  The sides of the tube are drawn in 
slightly to reduce sample friction against the wall of tube during penetration (See 
Figure 3.4-9).  The tubes are usually cut in 2- to 3-foot lengths and coated with a 
lacquer or other rust-preventative solution.  Uncoated tubes made of stainless steel 
or brass are also available, if desired.  Tube materials and coatings compatible with 
project testing requirements should be selected.    
 
Standard dimensions for thin-wall tubing are summarized in Table 3.4-1. 
 
The thin-wall tubing may be used with a variety of sampling devices to obtain 
representative and relatively undisturbed samples.  As with any sampling device or 
method, variations in design, operation, and ability to recover the sample is 
dependent upon the characteristics of the materials being sampled.  Standard 
guidelines for thin-wall sampling (D 1587-83) have been established in the Annual 
Book of ASTM Standards, 1988.  Detailed procedures are also included in the U.S. 
Bureau of Reclamation "Earth Manual".   
 
Numerous thin-wall tube samplers are available, including:   
 
o Open-drive sampler 
o Piston sampler 
o Stationary fixed piston sampler 
o Floating piston sampler 
o Retractable piston sampler 
o Hydraulic (Osterberg) piston sampler 
o Bishop sand sampler 
o Swedish foil sampler 
o Hvorslev sampler 
 
The samplers most commonly used in Massachusetts to obtain tube samples of 
cohesive and/or fine-grained soils are: 
 
o Open drive sampler 
o Stationary fixed piston sampler 
o Hydraulic (Osterberg) sampler 
 
The other samplers noted are not recommended at this time because of the potential 
for excessive sample disturbance and/or lack of experience and familiarity in 
Massachusetts.   
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3.4-4.1.1  Open-drive Sampler 
 
This device consists of a sampler head to which a thin-wall tube is fastened.  The 
sample is obtained by pressing the open tube into the desired stratum at the bottom 
of the borehole.  This sampler does not use any sample retention devices, although 
the sampler head is equipped with a ball check valve and vents that relieve air and 
water pressure buildup within the tube as it is pressed into the soil, they also prevent 
water pressure buildup when the sampler is pulled to the surface. (See Figure 3.4-9).  
Excessive penetration of the sampler under the weight of the rods may occur in very 
soft or loose materials, preventing accurate measurements of depth of penetration 
and causing disturbance of the material.   
 
 (a)  Advantages   
 
o Simple to use. 
o Commonly available. 
o Easy to decontaminate sampler head. 
o Short amount of time required for sampling. 
 
 (b)  Disadvantages   
 
o Disturbed and intermixed soil materials from the bottom and sides of 
the borehole may enter the tube as it is lowered into position, if the 
borehole is not cased.   
 
o Total or partial sample recovery is difficult without a supplemental 
retention system. 
 
o Hydrostatic pressures may disturb the sample during penetration or 
totally prevent the sample from entering the tube. 
 
 (c)  Procedures for Use 
 
 See Procedures used to collect Thin-Wall Tube samples (3.4-4.1.4) 
  
3.4-4.1.2  Stationary Fixed Piston (SFP) Sampler 
 
This sampler employs the use of a sealed piston to reduce sample disturbance.  
Sample recovery is improved compared to the open-drive sampler (see Figure 3.4-
10).  The piston is prevented from moving downward by a locking cone in the head 
assembly.  The piston can be locked and fully sealed at the bottom of the thin-wall 
tube so that it can be lowered into the borehole without collecting unwanted soil 
material.   
 
Once the sampler is in position, the piston, through a series of small-diameter, inner 
actuating rods, is locked to the drill rig or the casing.  Pressure is applied to the outer 
drill rods, forcing the thin-wall tube down from the "stationary" piston.  When the full 
press is completed (24 inches), any pressure buildup is released through a small 
hole in the actuating rods.  The tight seal of the piston also creates a vacuum on the 
sample that aids in sample retention.   
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 (a)  Advantages.   
 
o Reduced potential for sample disturbance. 
o Improved sample recovery. 
o Commonly available with considerable local experience in its use. 
 
 (b)  Disadvantages.   
 
o More complex than open-drive sampler. 
o Requires more time to sample. 
o More parts to decontaminate at contaminated sites. 
 
 (c)  Procedures for Use 
 
 See procedures used to collect Thin-Walled Tube samples (3.4-4.1.4) 
 
 
 
 
3.4-4.1.3  Hydraulic (Osterberg) Piston Sampler 
 
The hydraulic piston sampler is designed to obtain undisturbed samples of soft soils 
and soils that experience significant loss of strength as a result of disturbance.  The 
design of the movable piston sampler varies considerably from the stationary piston 
sampler, the movable piston sampler consists of an inner thin-wall sampler tube and 
outer pressure cylinder, (See Figure 3.4-11).  In the sampling position, a movable 
piston is attached to the top of the sampling tube and a stationary piston rests on the 
soil to be sampled.  The sampler is activated by pumping fluids or gas through the 
pressure cylinder, which drives the upper piston and sampling tube down over the 
lower piston into the soil for a fixed distance.  The piston is then withdrawn from the 
borehole with the sample.  This frequently consists of a blade type drill bit with fluid 
deflectors.   
 
 (a)  Advantages.   
 
o Easier to use than the stationary fixed piston (SFP) sampler. 
o Improved sample recovery. 
o Available, with considerable local experience. 
o Less time required than the SFP to obtain a sample. 
 
 (b)  Disadvantages.   
 
o More time to decontaminate than for other samplers. 
 
 (c)  Procedures for Use 
 
See procedures to collect Thin-Walled Tube samples (3.4-4.1.4) 
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3.4-4.1.4  Procedures Used to Collect Thin-wall Tube Samples 
 
The following steps are applicable to all thin-wall tube sampling:   
 
 (1) Advance the casing/augers to the required sample depth using the 
procedures described in Section 3.2, Drilling Techniques. 
 
 (2) Decontaminate all sampling equipment in accordance with the project-
specific quality assurance plan. 
 
 (3) After the borehole has been advanced to the required sample depth, 
lower a "clean-out" auger into the borehole to remove loose, disturbed 
soils present at the bottom of the borehole. 
 
 (4) Assemble the thin-wall tube sampler and lower to the bottom of the 
borehole.  The depth to the bottom of the borehole must be carefully 
measured to ensure the sampler is not "resting" on the soils at the 
bottom of the hole. 
 
 (5) Advance the sampler as noted below: 
 
 Open-Drive Sampler.  Advance the sampler by pushing the drill rods 
downward in a continuous steady motion at a rate of about 0.5 feet to 
1.0 foot per second. 
 
 Fixed Piston Sampler.  Lock off the actuating rods so the piston will 
remain fixed on the soil surface.  Advance the sampler by pushing 
downward on the drill rods at a rate of about 0.5 feet to 1 foot per 
second.   
  
Hydraulic (Osterberg) Piston Sampler.  Secure the drill rods at the 
ground surface so that the bottom piston is at the soil interface.  
Advance the sampler by pumping clean water down the drill rods.  
Continue pumping water until return of water is observed coming up 
the inside of the casing. 
 
 (6) Once the advance of the sampler is complete, wait 10 minutes or 
more before sample withdrawal. 
 
 (7) Rotate the drill rods by hand two revolutions clockwise to shear off the 
end of the sample. 
 
 (8) Remove the sampler from the borehole with extreme care to minimize 
sample disturbance. 
 
 (9) Scan the sampler with a PID to determine whether detectable levels 
of VOCs are present.  Carefully remove the sampler head from the 
sample tube and remove soft disturbed material from the top of the 
sample.  The sample tube must be kept in an upright vertical 
orientation at all times.  Measure the length of sample recovered and 
record on the boring log. 
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 (10) Remove about 1/2-inch of undisturbed soil from each end to allow 
room for the placement of seals.  The soil cleaned from each end of 
the tube can be used for visual classification of the sample and head 
space analysis. 
 
 (11) The space at each end of the tube is sealed using flexible 
microcrystalline wax such as Socony Vacuum Product 2300 or 
equivalent, or with expandable packers.  Paraffin is not acceptable.  
Fill empty portions of the tube filled with clean inert sand.   
 
 (12) Close the ends of the tube with tight-fitting metal or plastic caps, and 
wrap the seam between the cap and tube with tape.  Finally, dip the 
ends repeatedly in hot wax, completely covering the tape, to ensure a 
good seal. 
 
 (13) Label the sample container and the top cap by writing on them with an 
indelible marker or by affixing a label.  Locate all labeling on the top 
one foot of the tube.  Include the following information on the tube: the 
project number, project name, date of sampling, boring number, 
sample number, zone of sampling, and any other information the field 
engineer/geologist feels is pertinent.  Detailed information must also 
be permanently recorded in a field log.  In addition, the tube shall be 
marked TOP and BOTTOM so that the orientation of the soil sample 
is known. 
 
 (14) Vertically place the tube samples in a container designed to relieve 
shock, vibration, and disturbance during storage and shipment. 
 
3.4-4.2  Rotary Core Soil Samples 
 
A variety of core barrels that were originally developed for drilling and sampling 
bedrock have been modified or adapted to obtain "undisturbed" overburden samples 
in very dense or partially cemented soils.  These core barrels are used when the 
more conventional thin-wall samplers cannot penetrate the selected geological unit.   
 
There are many variations in the type and mechanics of these core barrels, which 
are commercially available under a variety of trade names.  
  
Single-wall or single-tube core barrels equipped with saw-tooth cutter bits have been 
used to a limited extent in sampling soils.  However, the samples are usually 
disturbed by intermixing, swelling, or contamination with drilling fluid.  Core barrels 
equipped with non-rotating inner liners are more suitable for overburden sampling.   
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Two of the more commonly used samplers for traditional geotechnical engineering 
studies are the Denison and Pitcher samplers.  However, because of the potential for 
introduction of drilling fluids into the sample as the sampler is advanced, their use is 
not recommended for collection of environmental samples.  A contractor proposing 
the collection of environmental samples using either of these devices should submit 
a detailed protocol for sample collection to DEP for review and approval.  A brief 
description of each sampler and its sampling technique is presented below.   
 
3.4-4.2.1  Denison Sampler 
 
The Denison sampler is designed to recover relatively undisturbed thin-wall samples 
in dense sand/gravel soils, hard clays, partially cemented soils, or soft and 
weathered rock.  The sampler consists of a double-tube, swivel-type core barrel with 
a non-rotating inner thin-wall steel or brass liner designed to retain the sample during 
penetration and subsequent transportation to the laboratory (see Figure 3.4-12).   
 
The inner liner tube of the Denison sampler has a sharp cutting edge, which can be 
varied to extend from zero to about three inches beyond the outer rotating cutter bit.  
The amount of extension can be varied by means of interchangeable saw-tooth 
cutter bits that are preselected depending on the anticipated formation to be 
sampled.  The maximum extension is used in relatively soft or loose soils and a 
cutting edge flush with the coring bit is used in hard or cemented formations.  This 
sampler is generally effective in homogeneous soils.  An important feature of the 
Denison sampler is a system of check valves and release vents which relieve the 
hydrostatic pressure buildup within the inner sampling tube, improving sample 
recovery, and minimizing pressure disturbance of the sample.   
 
The Denison sampler is rotated into a formation in the same manner as conventional 
rock coring procedures.  It is designed for use with water, mud, or air and is available 
in five sizes, ranging from 2.94 inches to 7.75 inches O.D.  A schematic drawing of 
the Acker-type Denison rotary core barrel sampler is shown on Figure 3.4-12.   
 
The Denison sampler is not a practical tool for sampling loose sands or soft clays, as 
the sample retention devices are usually inadequate for these materials.  The 
presence of cobbles and boulders also will present major difficulties for penetration 
and recovery. The saw-tooth bit, with which the Denison is usually equipped, is not 
capable of coring hard boulders, which may cause collapse of the inner sampling 
tube if it is in an extended position.   
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3.4-4.2.2  Pitcher Sampler 
 
The Pitcher sampler also was developed to recover relatively undisturbed thin-wall 
samples in formations that are too dense for conventional thin-wall sampler 
penetration. The Pitcher sampler consists of a single-tube, swivel-type core barrel 
with a self-adjusting, spring-loaded inner thin-wall sample tube which telescopes in 
and out of the cutter bit as the hardness of the material varies, see Figure 3.4-13.  
This telescoping aspect eliminates the need to pre-select a fixed inner barrel shoe 
length as is necessary with the Denison sampler.   
 
The inner steel or brass thin-wall liner tube has a sharp cutting edge which projects a 
maximum of 0.5 feet beyond the saw-tooth cutter bit in its normal assembled 
position.  As the sampler enters the borehole, a sliding valve directs the drilling fluid 
through the thin-wall sample tube for a thorough pre-flushing of the borehole.  When 
the sample tube comes in contact with the bottom of the borehole, it telescopes into 
the cutter barrel and closes the sliding valve, which diverts the drilling fluid to an 
annular space between the sample tube and the cutter barrel.  This sliding valve 
arrangement allows the circulation of drilling fluid to remove the borehole cuttings 
during sampling and prevents disturbance of the recovered sample by the drilling 
fluid.   
 
The spring-loaded inner sample tube automatically adjusts to the density of the 
formation being penetrated.  In very soft materials, it will extend as much as 0.5 feet 
beyond the cutter bit; as the formation density increases, the sample tube telescopes 
into the outer core barrel and compresses the control spring, which in turn exerts a 
greater force on the tube to insure adequate penetration.  In extremely dense forma-
tions or obstructions, the sample tube will retract completely into the outer core barrel 
to allow the cutter bit to penetrate the obstruction.  The Pitcher sampler is rotated 
into the unconsolidated formation in the same manner as conventional rock coring 
techniques.  The sampler is designed for use with either water or mud and has been 
available in four sizes, ranging from 3.0 inches to 5.0 inches O.D.  Reportedly, only 
the 5.0-inch O.D. sampler, which utilizes 3-inch O.D. thin wall sampling tube is 
presently on the market.   
 
In highly variable formations, a major advantage of the Pitcher sampler is its 
telescoping sample tube, which prevents collapse of the sample tube and prevents 
fluid erosion of softer layers.  However, the Pitcher sampler, like the Denison, is not 
capable of coring very large and intact cobbles and boulders.   
 
 
3.4-4.3  Block Samples 
 
One of the oldest, and considered by many as the most reliable, methods of 
obtaining undisturbed samples for laboratory testing consists of cutting large blocks 
of soil from natural, in-situ formations.  Block samples should be obtained in 
accordance with procedure described in the Annual Book of ASTM Standards 
Volume 4.08, Soil and Rock (ASTM 1988).   
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3.4-5  PROBLEMS AND SUGGESTED SOLUTIONS 
 
Particular advantages and disadvantages of the various subsurface sampling 
techniques and equipment have been discussed within the preceding sections.  
However, limitations and difficulties may be encountered during the exploration 
program that are common to all soil sampling techniques.  These are usually the 
result of site-specific geological conditions and not necessarily a function of the 
equipment or procedure.   
 
3.4-5.1  Inadequate Sample Recovery 
 
Inadequate sample recovery can be influenced by such factors as:   
  
o Residual cuttings in the casing prior to driving the sampler. 
o Loss of sample. 
o Blockage of sampler. 
o Densification or frictional resistance. 
 
3.4-5.1.1  Residual Cuttings 
 
As borings are advanced, cuttings must be removed.  In cased borings, the cuttings 
are removed using water that is forced down and out of the drill rods, carrying the 
cuttings to the top of the casing.  The time required to flush the cuttings from the 
casing increases as the hole becomes deeper.  The water velocity necessary to flush 
the cuttings increases as the size and weight of the individual soil grains increases.  
As a result, it may become difficult if not impractical to flush the casing "clean" as the 
depth of the borehole increases.  The ability to flush the casing can be improved by 
using a more powerful pump, reducing the size of the annulus between the casing 
and drill rods, and, with the prior approval of DEP, through the use of additives mixed 
with the drill water to increase the viscosity of the drilling fluid.   
 
In hollow-stem augers, cuttings are kept from the interior of the augers by the "plug" 
(pilot bit) at the bottom of the augers.  However, when the augers are below the 
water table, soils are most likely to "flow" up into the augers after the plug is 
withdrawn.  This is caused by the unequal hydrostatic pressure that exists between 
the soil at the base of the augers and the fluid level in the augers.  Flow of soil into 
the bottom of the augers can be limited by keeping the water level in the 
augers/casing above the water table.  If the soil at the base of the augers/casing is 
under hydrostatic pressures in excess of the water table, it may be necessary to use 
drilling additives to increase the density of the fluid to prevent artesian flow into the 
augers/casing.  This solution is subject to prior approval by DEP at publicly funded 
sites.  At other sites, the consultants report on field activities should explicitly 
describe the use of drilling additives.   
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3.4-5.1.2  Loss of Sample 
 
Various sampling devices are equipped with check valves, pressure release valves, 
sample retaining springs, baskets, or lifters.  These devices are designed to help 
retain soil samples.  These devices should be checked frequently; they must be kept 
in good working order.  In addition to the sample retention devices, sample recovery 
of soils  
sensitive to disturbance can be improved by using extreme care not to vibrate or hit 
the drill rods as the sampler is withdrawn from the borehole.   
 
3.4-5.1.3  Blockage of Sampler 
 
Poor recovery may be the result of the presence of material large enough to block 
the entry of soil into the sampler.  As a result, the sampler is either advanced 
pushing the obstruction ahead with no soil recovery, or does not advance due to 
resistance by the soil beneath the obstruction.  The obstruction can be penetrated 
by:   
 
o Advancing the augers/casing through or past the obstruction. 
 
o Drilling ahead of the casing in an effort to crush or "push aside" the 
obstruction. 
 
o Coring the obstruction. 
 
3.4-5.1.4  Densification or Frictional Resistance 
 
Relatively loose or soft soils may decrease in volume during sampler penetration.  
Such soils may develop sufficient frictional resistance to prevent entry into the 
sampler before the sampler is completely advanced.   
 
3.4-5.2  Sample Disturbance 
 
A problem common to all forms of soil sampling is sample disturbance, influenced 
by:   
 
o The type of soil to be sampled. 
o Sampling equipment. 
o Diameter of the sampling equipment. 
o Method of advancing the sampler. 
o Drilling methodology. 
o Borehole disturbance. 
 
Selection of the appropriate drilling and sampling methodology must be consistent 
with the objectives of the investigative effort.  Disturbance of soil samples obtained 
for environmental site assessments is not a major concern for most projects.  The 
most important aspect of an environmental sample is that it be representative of the 
material from which it is obtained.  Disturbance of samples is a significant factor 
Section 3.4 
Page 26 
January 1991 
when the samples are to be used in laboratory tests to determine specific engi-
neering parameters.  
 
The American Society for Testing and Materials (ASTM) publication Special 
Technical Publication (STP) 483, "Sampling of Soil and Rock" (1970) presents 
several technical papers by various authors regarding sampling methodologies and 
associated sample disturbance.   
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SECTION 3.5  SOIL CLASSIFICATION 
 
3.5-1  PURPOSE 
 
The purpose of soil classification is to systematically group soils with similar 
physical characteristics in the same classification category.  The use of a soil 
classification system produces a consistent description of soil samples that can be 
readily understood by engineers, geologists, drillers, and other members of the 
project team.  Soil classification systems group soils based on physical 
characteristics (e.g., grain size, gradation, and plasticity).  General engineering and 
hydrologic properties of soils can be estimated from these physical characteristics 
allowing rapid preliminary assessment of site conditions during a field investigation 
program.  Often this preliminary assessment of the subsurface soil conditions is the 
primary basis for modification of a field investigation program when little time is 
available for laboratory analyses.   
 
A systematic grouping of similar soil types based on physical characteristics aids in 
the identification and correlation of subsurface stratigraphy.  Accurate identification 
of subsurface variations is an essential element in contamination investigations 
because the existence of subsurface structures or heterogeneities can have a 
significant impact on rates and directions of contaminant movement.   
 
Care should be taken to assure that soil-classified samples are representative of 
the strata from which they were obtained.  If significant subsurface variation occurs 
or if poor recovery is obtained, it should be noted on the boring log.  Soil samples 
may be obtained from surface sampling programs, borings, and test pits.  Samples 
should be collected and labeled according to the procedures described in the 
Standard Reference (SR) for that specific sampling method (see Section 3.4).   
 
Soils are classified on the basis of visual-manual tests and laboratory tests.  This 
SR describes visual-manual classification techniques that are used in the field; 
some applicable standard laboratory testing techniques are discussed in Section 
3.8 Laboratory Testing of Soil and Rock.  With adequate training and experience, it 
is possible to accurately and consistently classify soils on the basis of visual-
manual field tests.  The comparison of visual-manual classifications to laboratory 
test results (e.g., grain-size analyses) is necessary to confirm and refine the field 
descriptions.   
 
3.5-2  CLASSIFICATION SYSTEMS 
 
Several soil classification systems have been developed to describe soils, 
including the Unified Soil Classification System; the Burmister System; and 
systems developed by the U.S. Department of Agriculture (USDA), American 
Association of State Highway Officials (AASHO), Massachusetts Institute of 
Technology, and British Standards Institute.  Table 3.5-1 is a comparison of the 
components of various soil classification schemes as they relate to grain size.   
 
The Unified Soil Classification System is the most commonly used classification 
system in the U.S.  Developed by A. Casagrande in 1953, it has been adopted by 
the U.S. Bureau of Reclamation and several other state and federal agencies.  
Another classification system commonly used in the northeastern U.S. is the 
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Burmister System, developed in the 1940s by the American Society of Engineering 
Education.   
As shown in Figure 3.5-1, the major difference between the Unified System and 
Burmister System is in the breakdown of the coarse-grained components.  
Additionally, the Burmister System includes a determination of the percentage by 
weight of various soil components, and a description of the relative percentages 
through the use of the following modifiers:  and, some, little, and trace.  A 
combination of the Unified System and the Burmister System has been used as the 
procedure for classifying soils described herein.  A list of key soil properties, along 
with specific field tests, is described in the following section.   
 
3.5-3  METHODOLOGY 
 
For the purpose of providing consistent sample descriptions, the flow chart (Figure 
3.5-2) can be used as a general guide for the soil classification process.  The 
following soil characteristics/properties have been identified in the sample 
description in the order of presentation: 
 
o Color (Section 3.5-3.1) 
 
o Gradation:  coarse-grained soils versus fine-grained soils (Section 3.5-3.2) 
 
  -coarse-grained soil identification procedures (Section 3.5-3.2.1) 
 
  -fine-grained soil identification procedures (Section 3.5-3.2.2) 
 
o Gradation Designation (Section 3.5-3.3) 
 
o Relative Density/Consistency (Section 3.5-3.4) 
 
o Particle Angularity (Section 3.5-3.5) 
 
o Moisture Content (Section 3.5-3.6) 
 
o Structure (Section 3.5-3.7) 
 
o Reaction to Hydrochloric Acid (Section 3.5-3.8) 
 
o Geologic Name (Section 3.5-3.9) 
 
o Unified Classification Designation (Section 3.5-3.10) 
 
o Special Conditions or Notes (Section 3.5-3.11) 
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3.5-3.1  Color 
 
Sample color should be determined, if possible, immediately after the sample is 
retrieved, while it is still at its natural moisture content.  Soil color is particularly 
important in the description of fill, organic, weathered, or natural soils that may 
have been contaminated.  Sample layers or patches of different coloration should 
be noted.   
 
Color descriptions may vary considerably from one person to another; the use of a 
Munsell Soil Color Chart will assure more consistent color descriptions.  The 
Munsell Soil Color Chart uses standard color chips against a neutral background.  
Small holes in the color chart next to the chips allow the user to view the sample 
next to the chip to find an accurate match.  Although not typically used in soil 
classification, a color can be described by a series of symbols representing the 
hue, value, and chroma (example:  5YR 6/4).   
 
3.5-3.2  Gradation:  Coarse-grained Soils Versus Fine-grained Soils 
 
Individual soil particles are given the following descriptors based on size:  boulders, 
cobbles, gravel, sand, silt, and clay.  Table 3.5-1 presents the particle size 
descriptors by their size in inches or standard sieve size, and familiar reference 
sizes for approximation purposes.   
 
For the purpose of sample classification, soils will be broken down into two major 
groups according to weight percentages:  coarse-grained soils and fine-grained 
soils.   
 
o Coarse-grained soils are defined as containing more than 50 percent by 
weight larger than the No. 200 sieve (sands and gravels, up to 3 inches in 
diameter).  Section 3.5-3.2.1 presents procedures for classifying coarse-
grained soils according to the Burmister System. 
 
o Fine-grained soils are defined as containing more than 50 percent passing 
the No. 200 sieve (silts and clays).  Section 3.5-3.2.2 presents procedures 
for classifying fine-grained soils according to the plasticity and the 
percentage of clay versus silt as estimated from various field tests.   
 
3.5-3.2.1  Coarse-grained Soil Identification Procedures 
 
The Burmister System provides a consistent framework to estimate the distribution 
of gravel-, sand-, and silt-size particles.  Percentage ranges in weight for various 
particle sizes are given in Table 3.5-2.   
 
Two examples of a sample description using Burmister System designations are as 
follows:   
 
 Fine to Medium SAND, little coarse gravel, trace to little silt. 
 
 Fine SAND and silt, trace medium to coarse sand, and fine gravel. 
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When a sample contains significant amounts of silt- and clay-size particles (greater 
than 12 percent by weight), the fine portion will be classified by procedures for fine-
grained soils in Section 3.5-3.2.2.  The presence of boulders and cobbles will be 
indicated and, if possible, the percentage estimated if observed in test pits or 
excavations.   
 
3.5-3.2.2  Fine-grained Soil Identification Procedures 
 
Field procedures for the determination of fine-grained soil properties are described 
in this subsection.  After performance of one or more of the field tests, the fine-
grained soils are given a material designation (e.g., silty clay or clayey silt) and a 
plasticity description (e.g., slight, medium, or high).  Appropriate designations 
(ASTM 1988) relating to the field test classifications are given in each section.  The 
following field tests may be applied to differentiate between cohesionless silt and 
plastic silty clay soils.   
 
 (a) Dilatancy 
 
 A pat of wet soil is shaken in the palm of the hand and alternately squeezed 
and released.  Materials that are predominantly silt will show a dull, dry 
surface upon squeezing, and a glassy wet surface upon releasing the 
pressure and upon shaking or vibrating the pat.  With increasing clay 
content, this phenomenon becomes less pronounced due to the lower 
mobility of the pore water.   
 
 The criteria used to describe dilatancy based on the manual field test are as 
follows: 
 
o None:  No visible change in the specimen 
 
o Slow:  Water appears slowly on the surface of the specimen during 
shaking and does not disappear or disappears slowly upon squeezing. 
 
o Rapid:  Water appears quickly on the surface of the specimen during 
shaking and disappear upon squeezing. 
 
 (b) Dry Strength 
 
 A portion of the soil is allowed to dry out completely in air.  A cube of soil about ½ 
inch square is formed and dried and pressed between the fingers.  
The cubes with very high strength cannot be broken at all, whereas 
those with very low strength disintegrate completely on gentle 
pressure.  The soil strength is described as medium if the fragment 
can be reduced to a powder only with a great effort.  Those materials 
with greater dry strengths are predominantly clay.  Further, the dried 
soil cube can be polished on one's fingernail.  If the polished surface 
is shiny, it is indicative of predominantly clay soils, whereas a dull 
surface indicates silt.  The criteria for determining dry strength in the 
field is as follows: 
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o None:  The dry specimen crumbles into powder with mere pressure of 
handling. 
 
o Low:  The dry specimen crumbles into powder with some finger 
pressure. 
 
o Medium:  The dry specimen breaks into pieces or crumbles with 
considerable finger pressure. 
 
o High: The dry specimen cannot be broken with finger pressure.  
Specimen will break into pieces between thumb and a hard surface. 
 
o Very High:  The dry specimen cannot be broken between the thumb and 
a hard surface. 
  
 (c) Stiffness/Plasticity 
 
 A high degree of stiffness and a very smooth smear in the natural state are 
indicative of high plasticity.  The techniques for determining stiffness/ 
plasticity in the field are described below: 
   
o Nonplastic:  A 1/8 inch (3 mm) thread cannot be rolled at any water 
content. 
 
o Low:  The thread can barely be rolled and the lump cannot be formed 
when drier than the plastic limit. 
 
o Medium:  The thread is easy to roll and not much time is required to 
reach the plastic limit.  The thread cannot be rerolled after reaching the 
plastic limit.  The lump crumbles when drier than the plastic limit. 
 
o High:  It takes considerable time rolling and to reach the plastic limit.  
The thread can be rerolled several times after reaching the plastic limit.  
The lump can be formed without crumbling when drier than the plastic 
limit. 
 
 (d) Soil Thread Test 
 
 This test is an aid in estimating the degree of plasticity and differentiating between 
organic and inorganic soils.  Take a portion of the sample, adding 
water as necessary, and attempt to roll out on a flat surface with the 
palm of the hand into threads approximately 1/8-inch in diameter.  
Fold and repeat procedures until thread begins to crumble into a 
number of small pieces.   
 
 (1)... The fact that a soil can be rolled into threads without crumbling 
indicates plasticity and the presence of clay.  Note the number of 
times that the process can be repeated.  This is indicative of the 
degree of plasticity; the greater the number of repetitions for fine soils 
started at the same water content, the more plastic the clay.   
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 (2) As the plastic limit is approached, note the toughness 
of the threads.  Highly plastic, inorganic, fat clays will feel 
very tough.  Leaner, sandy or silty clays will feel weak and 
will crumble easily.  This distinction in the toughness of 
threads can only be felt when the water content is close to 
the plastic limit.  The criteria for describing toughness based 
on manual field tests are as follows: 
 
o Low:  Only slight pressure is required to roll the thread 
near the plastic limit.  The thread and the lump are weak 
and soft. 
 
o Medium:  Medium pressure is required to roll the thread 
to near the plastic limit. The thread and the lump have 
medium stiffness. 
 
o High:  Considerable pressure is required to thread to 
near the plastic limit. The thread and the lump have very 
high stiffness. 
 
 (3)Organic soils and inorganic diatomaceous or micaceous soils will 
feel very spongy and elastic.   
 
 (e) Ball Thread Test 
 
 Identification can also be made on the following basis:  The soil is molded 
and water content adjusted until a 1½-inch-diameter ball formed from the 
soil shows a flattened contact surface of 7/8-inch-diameter when dropped 
from a height of 2 feet.  (Gravel sizes are not included in the ball.)  The 
smallest thread possible without crumbling is then rolled from the above soil 
sample.  The following approximate relationships are then used for 
identification:   
 
  Thread Diameter Descriptive Term 
 
  1/4 inch SILT, trace clay 
  1/8 to 1/16 inch Clayey SILT 
  1/32 inch Silty CLAY 
  1/64 inch CLAY 
 
 (f) Test Tube Test 
 
 Silt- and clay-size particles may also be differentiated by determining their 
approximate settling rates in water.  The settling rate may be measured in the 
field by shaking a small sample of soil in a test tube filled with water and then 
allowing the particles to settle.  The time required for particles to fall a distance 
of 4 inches is about 30 seconds for 0.074-mm particles (the boundary between 
sand and silt) and about 50 minutes for 0.005-mm particles (the boundary 
between silt and clay).  An approximate idea of the grain sizes present in a 
sample of the fine-grained soil may be obtained by this method.   
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 To accurately determine the properties of fine-grained soils, evaluation of 
Atterberg Limits may be desirable.  Atterberg Limits are laboratory procedures 
used to identify the plasticity of fine-grained soils.  Atterberg Limits should be 
performed according to American Society of Testing and Materials (ASTM) for 
the liquid limit determination (D 4318-84) and for plastic limit and plasticity (D 
4318-84).  If Atterberg Limit determinations are made for individual samples, 
they will be classified according to the plasticity chart shown in Figure 3.5-3.   
 
3.5-3.3  Gradation Designation 
 
A determination of the approximate percentages of various particle sizes in a soil 
sample is also important.  Soil samples can be described as widely graded, uniformly 
graded, and gap graded.  Laboratory gradation tests (ASTM D 422-63) for particle 
sizes retained on No. 200 sieve can be used to determine the clay and silt content of 
a sample.  Figure 3.5-4 is an example of the various types of grading that can be 
described in soil samples.   
 
o Widely Graded:  a soil sample with a wide range of grain sizes, including 
a substantial amount of intermediate grain sizes.  A glacial till is an 
example of a widely graded sample.  This term is synonymous with 
poorly sorted.  Engineering terminology will describe this as "well-
graded."   
 
o Uniformly Graded:  a soil sample consisting predominantly of one grain 
size.  A beach sand is an example of uniformly graded sand.  This term is 
synonymous with well sorted.  Engineering terminology will describe this 
as "poorly graded."   
 
o Gap Graded:  a soil sample that has a wide range of sample sizes, with 
some intermediate particle sizes missing.  A water-washed till might be 
gap graded.  This term is synonymous with bi-model.  Engineering 
terminology will describe this as "poorly graded".   
 
3.5-3.4  Density/Consistency 
 
Relative density or consistency terms will be used as description modifiers for 
coarse- and fine-grained soils, respectively. 
 
3.5-3.4.1  Relative Density:  Coarse-grained Soils 
 
Relative density descriptors for coarse-grained soils will be based on Standard 
Penetration Test (SPT) N-Values (ASTM D 1586-84) or a qualitative assessment 
based on the in-situ sample appearance.  The following relative density descriptors 
will be used:   
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        Relative Density                        SPT N-Value 
           Descriptor               (Number of Blows/Foot)  
 
 Very Loose  0 to 4 
 Loose  5 to 10 
 Medium Dense  11 to 30 
 Dense  31 to 50 
 Very Dense  51 + 
 
 
3.5-3.4.2  Consistency:  Fine-grained Soils 
 
Consistency descriptors for fine-grained soils can be determined from field tests 
such as SPT N-Values, or undrained shear strength or unconfined compressive 
strength data obtained with a torvane or pocket penetrometer.  Table 3.5-3 presents 
field tests that can be performed to determine the consistency of fine-grained soils.   
 
3.5-3.5  Particle Angularity 
 
Particle angularity terms are to be given to coarse-grained soils, as descriptions of 
the shape of the larger-size, coarse sand and gravel particles and cobbles and 
boulders.  The degree of angularity, while qualitative, is important in evaluating the 
mode of deposition for the sample recovered.  Rounded and subrounded particles 
might suggest the deposit was waterlaid, whereas subangular to angular particles 
might suggest the deposit was subjected to abrasion in the deposition.  Angularity 
modifiers (ASTM 1988) to be used are as follows: 
 
o Angular:  Particles have sharp edges and relatively plane sides with 
unpolished surfaces. 
 
o Subangular:  Particles are similar to angular description but have 
rounded edges. 
 
o Subrounded:  Particles have nearly plane sides but well-rounded 
corners and edges. 
 
o Rounded:  Particles have smoothly curved sides and no edges. 
 
See also Figure 3.5-5 for classifying particle angularity.   
 
3.5-3.6  Moisture Content 
 
A qualitative judgment of the moisture content of the sample should be noted as 
soon after recovery of the sample as possible.  The determination of soil moisture is 
important in evaluating ground water levels where piezometric data are insufficient or 
nonexistent, and in evaluating future behavior of fine soils if excavated or disturbed.  
The terms (ASTM 1988) to be used for describing moisture content modifiers: 
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o Dry:  Dry, absence of moisture, dry to touch  
 
o Damp:  No visible water 
 
o Moist:  Little visible water, wet to touch 
 
o Wet:  Some free water visible 
 
o Saturated:  Visible free water, should only be used if 100-percent 
saturation is to be implied. 
  
3.5-3.7  Structure 
 
The structure of both coarse-grained and fine-grained soils should be carefully 
observed and is important in identification of depositional environments and in the 
identification of a local geologic unit.  The following descriptive terms should be 
used: 
 
o Homogeneous:  uniform, non-directional properties of fabric without 
stratification.   
 
o Stratified:  alternating, horizontal layers of different soils or soil-
particle sizes greater than 1/8-inch in thickness.   
 
o Laminated:  repeating, alternate horizontal layers less than 1/8-inch 
thick in fine-grained soils.   
 
o Banded:  alternate contrasting layers in residual soils.   
 
o Blocky:  cohesive soils that may be broken down into small angular 
lumps without further degradation.   
 
o Lens:  a body of material that is thick in the middle and thin toward 
the edges.   
 
o Root holes:  small holes caused by root fibers.   
 
o Heterogeneous:  very irregular structure without definite form.   
 
o Parting:  less than 1/16-inch thick horizontal bed (granular soils).   
 
o Laminae:  1/16- to 1/2-inch thick bed.   
 
o Layer:  1/2 to 12 inches thick bed.   
 
o Stratum:  bed that is usually greater than 1 foot thick, but occasionally 
less (e.g., topsoil).   
 
o Varves:  freshwater lake deposit usually in layers (less than 1 inch) 
but occasionally in alternating light and dark bands of silt and clay up 
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to 3 inches thick.  Typically implies alternating seasonal deposition in 
a glacial lake.   
 
o Pocket:  small, erratic deposit usually less than 1 foot in diameter.   
 
o Occasional:  one or less per foot of vertical thickness. 
 
o Interbedded:  applied to strata of soil or beds of rock lying between or 
alternating with other strata of a different nature (e.g., coarse to fine 
gravelly sand with interbedded layers of fine sandy silt).   
 
o Stratification:  the formation, accumulation, or deposition of materials 
in layers which can be differentiated on the basis of texture, 
hardness, cohesion, color, mineralogy, or cementation.   
 
o Mottled:  marked with spots or blotches of different color, or shades of 
color, as if stained.   
 
o Topsoil:  the upper most in-situ, nutrient-rich, humic soils, frequently 
consisting of dark brown loamy silt with trace amounts of sand, 
gravel, and cobbles, and a pronounced structure of living root fibers.   
 
3.5-3.8  Reaction to Hydrochloric Acid 
 
Calcium carbonate is commonly found in soils as a cementing agent.  Dilute 
hydrochloric acid will react with calcium carbonate displaying no reaction or a weak 
or strong effervescence depending on the amount of calcium carbonate in the soil.  
The reaction of the soil to hydrochloric acid should be noted in the field.  The 
following criteria have been established to describe the hydrochloric acid reaction:   
 
o None:  No visible reaction 
o Weak:  Some reaction, with bubbles forming slowly 
o Strong: Violent reaction, with bubbles forming immediately 
 
 
3.5-3.9  Geologic Name 
 
A descriptive geologic term should be assigned to identifiable geologic units, 
designating their depositional origin, if possible (e.g., alluvial sand, glacial till, or 
outwash).  Place names are used only in the soil classification system and by the 
Soil Conservation Service.  Place names identifying type locations are not assigned 
to soil classifications by any other system.  Some examples of geological terms 
follow:   
 
o Glacial Till:  Material ranging in particle size from silt and clay to boulders, 
which is neither stratified nor sorted according to size.  It is a dense, 
heterogeneous mass usually lying directly over bedrock.  Two different till 
zones may overlie each other.  A less dense, weathered, brownish-gray 
granular till may overlie a very dense, gray basal till.  One or the other units 
may be missing depending on the environment.  A presence or lack of an 
adjacent marine environment, and type of bedrock, will control the presence 
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or absence of clay-size particles.  Various types include ground moraine till, 
drumlin till, and ablation, lodgement, or flow till.   
 
o Loess:  A widespread, homogeneous, unstratified, porous, friable soil 
consisting predominantly of a loose yellow-brown to rust-brown silt with 
varying amounts of soft sand, root fibers, and trace amounts of gravel 
immediately underlying the topsoil.  May vary in thickness from a few inches 
to several feet.  Frosted grains suggest deposit by wind.   
 
o Saprolite:  A soft, earthy, clay-rich, thoroughly decomposed rock formed in 
place by chemical weathering of the bedrock.   
 
o Lacustrine:  Pertaining to, produced by, or formed in a lake.   
 
o Fluvial: Pertaining to, produced by, or formed in a river.   
 
o Varved:  Alternating thin layers of silt and clay ranging in thickness from a 
fraction of an inch to several inches that represents annual cycles of 
deposition.   
 
3.5-3.10  Unified Soil Classification (USC) Designation 
 
The Unified Soil Classification (USC) designation should be given for each 
soil sample.  Figure 3.5-2 is a flow chart depicting the procedure for 
classifying soils.  Figure 3.5-6 is a presentation of the USC designation that 
may be used as a guide.  USC designation symbols follow:  
 
o GW:  well-graded gravels; gravel-sand mixtures 
 
o GP:  poorly graded gravels   
 
o GM:  silty gravels; gravel-sand-silt mixtures   
 
o GC:  clayey gravels; gravel-sand-clay mixtures   
 
o SW:  well-graded sands; sand-gravel mixtures   
 
o SP:  poorly graded sands   
 
o SM:  silty sand   
 
o SC:  clayey sands; sand-clay mixtures   
 
o ML:  silts; silty, very fine sands or clayey silts   
 
o CL:  clays of low to medium plasticity; silty, sandy, or gravelly clays 
 
o CH:  inorganic clays of high plasticity; fat clays 
 
o MH:  plastic silts; micaceous or diatomaceous silts 
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o OL:  organic silts and organic silty clays of low plasticity 
 
o OH:  organic clays of medium to high plasticity 
 
3.5-3.11  Special Conditions or Notes 
 
During the sampling process, observations made which may be of importance in the 
overall sample identification, should be noted after the sample description.  Items 
such as sample disturbance and foreign substances (e.g., bricks, mortar, or other 
substances which may indicate filled material or contamination) should be noted with 
the sample description.  Separate measurements for contaminants should be made 
and recorded separately beside the sample description in the field log.  
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SECTION 3.6   IN-SITU SAMPLING OF ROCK 
 
3.6-1  PURPOSE 
 
Environmental assessments at contaminated sites often require the deter-
mination of the presence of chemical contamination in bedrock and the extent to 
which the contamination can migrate in the rock mass.  Hydrogeological 
assessments for water supply purposes require a thorough understanding of the 
competency of the bedrock and its water quality.  To assess the presence and 
potential for fluid migration in rock, samples of the rock mass must be obtained 
for visual and laboratory analysis.  These analyses will yield the following 
characteristics of the rock, which are necessary for classification:   
 
o lithology 
o mineralogy 
o structure 
o weathering 
o hardness 
o permeability 
 
Methods of sampling rock for environmental assessments include the following:   
 
o surface rock sampling 
o rock core sampling 
 
Field mapping of exposed bedrock (outcrops) is usually the first step in a site 
investigation.  Field mapping is limited to a description of the near-surface 
bedrock type and conditions, and this method is often severely hampered in New 
England due to the limited number of exposures in glaciated regions.  
Consequently, surface mapping is often supplemented with subsurface 
investigations (i.e., drilling and logging of bedrock borings).  Drilling bedrock 
borings has an added advantage in that it provides data on how the bedrock 
conditions change with depth.  Typically, monitoring wells are installed in these 
borings to obtain hydrogeologic data.  Generally, a thorough hydrogeologic or 
geotechnical field investigation incorporates all three methods to adequately 
characterize the bedrock conditions at the site.   
 
This Standard Reference (SR) presents devices/equipment and techniques for 
the collection of both surface and subsurface rock samples.  While many 
sampling devices are available to collect rock samples, this section provides SRs 
for only those most commonly used in environmental assessments.  Other 
equipment commonly used for traditional geotechnical engineering studies are 
listed without detailed SRs.   
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3.6-2  SURFACE ROCK SAMPLING 
 
3.6-2.1  Methodology   
 
Sampling the rock surface can be done manually with picks and hammers or 
other probing devices, or with a mechanized excavator (e.g., a backhoe).  The 
depth of sampling is limited by the ability of the equipment to penetrate the rock 
surface.   
 
3.6-2.2  Procedure 
 
1. Sketch the area to be sampled noting the following:   
 
o orientation of rock structure 
o orientation of sample site to other physical features 
o areas of observed contamination, if any  
 
2. Obtain a sample of rock using equipment capable of breaking a piece of 
the rock mass.  The equipment used will be decontaminated in accordance 
with the protocols established in the project plans, if necessary.   
 
3. Log and classify the rock sample in accordance with Section 3.7 Rock 
Classification.   
 
Advantages 
 
o Inexpensive method to obtain several surficial samples.   
 
o A larger surface of the rock is available for inspection and 
measurement of fracture and foliation patterns.   
 
Disadvantages 
 
o Only shallow samples can be obtained.   
 
o Limited to outcrops or areas where the bedrock surface can be 
exposed.  
 
o Limited information regarding the rock mass.   
 
o Increased potential for worker exposure to contaminants, if present 
where samples are obtained.   
 
3.6-3  ROCK CORE SAMPLING 
 
3.6-3.1  Sampling Equipment 
 
The primary objective of rock core sampling is to obtain a continuous sample of 
the intact rock mass to allow determination of the geologic and engineering 
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properties of the rock.  In addition to collection of rock samples, the completed 
rock-core borehole may be tested and monitored to determine permeability, in-
situ stresses, orientation and openness of discontinuities, ground water 
conditions, the presence of gas, and squeezing or expansive properties of the 
rock.  The borehole may be further utilized for in-situ testing purposes, borehole 
geophysical surveys, and the installation of various types of monitoring 
equipment or instrumentation.   
 
Rock core is obtained with a core barrel sampling device.  The primary purpose 
of the core barrel is to recover in a relatively undisturbed state the total length of 
rock that has been physically cored.  When drilling in competent rock, total 
recovery is rarely a problem; however, when the formation is highly weathered, 
fractured, or soft, core recovery becomes more troublesome.  The strength and 
behavior of the rock mass is primarily dependent on various inherent 
discontinuities; core that is not recovered may be the result of such factors, which 
might represent significant environmental implications.   
 
Selection of the most practical core barrel for the anticipated bedrock conditions 
is important.  Selection of the correct drill bit is also essential to good recovery 
and drilling production.  Selection of the diamond size, bit crown contour, and 
number of water ports is dependent on the characteristics of the rock mass.  The 
use of an incorrect bit can be detrimental to the overall core recovery.  Generally, 
fewer and larger diamonds are used to core soft formations. Smaller diamonds 
mounted on the semiround bit crown are used in hard formations.  Special 
impregnated diamond core bits have been developed for use in severely 
weathered and fractured formations where bit abrasion can be very high.  
Different types of core bits are shown in Figure 3.6-1.  Table 3.6-1 shows the 
standard sizes of diamond core bits and wireline.  W.L. Acker III summarizes 
drilling equipment and bits in Chapters 10 and 11 of "Basic Procedures for Soil 
Sampling and Core Drilling" (1974).  Core barrels to be considered for use in 
environmental assessments include the following:   
 
o double-tube core barrel (Section 3.6-3.1.1) 
o triple-tube core barrel (Section 3.6-3.1.2) 
o wireline core barrel (Section 3.6-3.1.3) 
o oriented-core equipment (Section 3.6-3.1.4) 
 
Other rock coring equipment occasionally used for geotechnical engineering 
studies include the following:   
 
o shot-core barrel (Section 3.6-3.5.1) 
o steel-tooth cutter barrel (Section 3.6-3.5.2) 
o percussion core barrel (Section 3.6-3.5.3) 
o single-tube core barrel (Section 3.6-3.5.4) 
o integral sampling method (Section 3.6-3.5.5) 
 
However, such equipment/methods are not used for environmental assessments; 
therefore, SRs are not provided in this section.  A brief description of these items 
is included in Section 3.6-3.5.   
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The following subsections describe the rock core sampling equipment and 
associated advantages and disadvantages for the equipment most commonly 
used for environmental assessments.   
 
3.6-3.1.1  Double-tube Core Barrel 
 
The most widely used rotary-core barrel is the double-tube.  It is a single-tube 
barrel containing a separate and additional inner tube. It is available with either a 
rigid or swivel-type inner tube construction (Figure 3.6-2).  In the rigid types, the 
inner tube is fixed rigidly to the core barrel head so that it rotates with the outer 
tube.  In contrast, the swivel-type inner liner is supported on a ball-bearing 
carrier, which allows the inner tube to remain stationary (or nearly so) during 
rotation of the outer barrel.  The sample or core is cut by rotation of the diamond 
bit.  The bit is in constant contact with the drilling fluid as it flushes out the 
borehole cuttings.  The addition of bottom discharge bits and fluid control valves 
to the core barrel system minimizes the amount of drilling fluid and its contact 
with the sample, which further decreases sample disturbance.   
 
The swivel-type, double-tube core barrel or equivalent is the preferred type of 
double-tube core barrel for environmental assessments.  This core barrel has a 
nonrotating, adjustable, chrome-plated inner liner that is available in either solid- 
or split-tube versions.  The split-tube version is preferred for environmental 
assessments.   
 
Depending on the quality of the rock being cored, the inner tube may be 
alternately used in the solid or split inner modes.  The solid tube is used primarily 
in very sound and competent portions of the rock, while the split tube is used in 
the weaker and more weathered portions.   
 
The design of the split inner tube allows expansion of the two liner halves during 
the core recovery process.  This feature allows swelling clays or highly fractured 
material, which could normally block a conventional solid liner, to move up into 
the chrome-plated liner, reducing blockage of the core and improving recovery in 
lower-quality rock.  This expansion feature, however, limits its usefulness in 
wireline systems.  Wireline systems utilize a rope made of steel wires. This steel 
rope (wireline) in used, to hoist drill pipes, and drilling tubes up the inside of the 
bore hole.  
 
An additional and major advantage of the split tube is apparent during 
subsequent surface handling of the recovered core.  The inner tube is easily 
removed from the core barrel, and the filament tape that binds the liner halves 
together is cut, separating the two sections and exposing the recovered core in a 
nearly in-situ state.  This design feature of the split liner eliminates the necessity 
of "banging out" the core sample with a hammer, as is frequently done with a 
conventional solid tube.  Such core removal may severely disturb and alter the 
quality of the recovered core, potentially leading to erroneous conclusions about 
the overall rock mass.   
 
The split inner tube is used in various types and sizes of double-tube core 
barrels.  The capability of improving recovery in poor-quality rock and the 
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subsequent surface handling advantages make it a valuable addition to the 
equipment for rock core evaluation.   
 
Advantages 
 
o  Widely used.   
 
o May block less frequently than solid tube.   
 
o Improved recovery over single-tube barrel.   
 
o Suitable for highly fractured or weathered rock.   
 
o Less disturbance of the rock core compared to a single-tube barrel.   
 
o Provides an opportunity to view the core in its "as drilled" state when 
the barrel is opened.   
Disadvantages 
 
o Not suitable for wireline systems.   
 
o More complex and difficult than the single-tube core barrel to 
decontaminate, if necessary.   
 
3.6-3.1.2  Triple-Tube Core Barrel 
 
The triple-tube core barrel adds a separate, nonrotating liner to the double-tube 
core barrel inner tube.  This liner, which retains the sample, consists of a clear 
plastic solid tube or a split, thin metal liner.  Each type of liner has its distinct 
advantages and disadvantages; however, they both have the advantage of 
minimizing sample handling and disturbance during removal from the core barrel.   
 
The NWM3 triple-tube core barrel, manufactured by Acker Drill Co., Inc., is an 
example of a double-tube core barrel modified to include an additional (third) 
inner, solid, clear plastic liner, which retains the sample.   
 
The purpose of the third, nonrotating inner liner is to provide a temporary storage 
container for the recovered rock core during transportation and storage.  The 
NWM3 incorporates an adjustable inner liner that can control the flow of water to 
the bit, an important design feature in variable formation conditions.  Triple tube 
systems yield smaller core sizes than double tube systems of the same letter 
designation because more room is taken up by the extra tube.   
 
A special hydraulic or pneumatic jack is required for inner tube removal and 
subsequent sample extraction from the inner tube.  Although the solid plastic 
sample liner tube has definite advantages during transportation and storage, it 
can impede field examination, photography, and evaluation of the core 
immediately upon recovery.   
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Advantages 
 
o May improve core recovery of poor-quality rock compared to single-
tube core barrel.   
 
o Core can be seen in its "as drilled" state when the barrel is opened in 
the laboratory - important in highly fractured or weathered rock.   
 
Disadvantages 
 
o Large number of components require more time to decontaminate, if 
necessary, than single-tube barrels.   
 
o Potential for jamming of the rock core.   
 
o Core not readily available for field examination.   
 
 
 
3.6-3.1.3  Wireline Core Barrel 
 
In conventional rock coring, the entire drill stem and core barrel must be removed 
after each core run.  This is a time-consuming operation in deep boreholes; in 
addition it creates an inherent risk of collapse of the rock into the unsupported 
borehole.  The wireline system is designed to recover rock core without removing 
the drill stem from the borehole after each core run.  An illustration of a wireline 
core barrel assembly is shown in Figure 3.6-3.   
 
When drilling is completed, a special latching mechanism is attached to the end 
of a cable and lowered through the drill rods; it attaches to the inner tube head of 
the core barrel.  The inner tube, containing the rock core, is rapidly brought to the 
surface, leaving the outer core barrel and drill rods still in position within the 
borehole.  The wireline can also be adapted for horizontal drilling and triple-tube 
applications.   
 
Advantages 
 
o Reduces time to retrieve the rock core sample in deep boreholes. 
o Borehole remains supported for entire length. 
 
Disadvantages 
 
o Is more time consuming if borehole is less than 50 feet deep. 
 
o Special inner core tube and special latching mechanism are 
 expensive to rent or purchase. 
 
o Large number of parts discontinued. 
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3.6-3.1.4  Oriented Core Equipment 
 
Determination of the true attitudes of planar structural discontinuities of rock 
encountered during subsurface explorations may be accomplished in two ways:  
(1) by measuring the azimuth and dip of the discontinuities recorded on the 
physical core recovered; or (2) by determining the orientation of the structural 
features from their presence on the borehole wall.  This information is of 
particular importance to the engineering geologist and geotechnical engineer.  
Although not frequently used for environmental assessments because of cost, it 
can be strategically used to provide cost-effective information on the orientation 
of rock mass discontinuities and their influence on contaminant migration.   
 
Various methods, ranging from simple to complex, have been developed to 
establish a reference point of known orientation so that all structural aspects of 
the borehole may be related to it and their absolute orientations determined.  The 
Integral Sampling Method is one of the more complex methods of achieving 
structural orientation of the in-situ rock and total rock core recovery.  The most 
frequently used equipment are orienting core barrels, which combine 
conventional rotary rock drilling equipment with specialized core barrels that 
mark the core so that it can be subsequently oriented using geologic interpretive 
methods.   
Other techniques and equipment available but not considered suitable for most 
environmental assessments include paint and acid markers, Craelius core 
orientator and physical core alignment methods.  The latter includes the 
following: 
 
(a) Orienting Core Barrel 
 
Specialized core barrels have been developed that scribe a reference mark on 
the core as it is drilled.  Special recording devices within the core barrel relate 
known azimuth orientations to the reference mark so that when the core is 
subsequently removed from the core barrel, it can be oriented to the position it 
occupied in-situ.   
 
(b) BHP Orienting Core Barrel 
 
The BHP core barrel, developed by Broken Hill Proprietary Co. of Australia, 
utilizes a compass and chart recording system that aligns itself with a scribing 
diamond.  As the core passes the drill bit into the inner liner, a reference line of 
known orientation is scribed on the rock core.   
 
(c) Christensen-Hugel Orienting Core Barrel 
 
Operation of the C-H core barrel, developed and patented by the Christensen 
Diamond Products Co., is similar to that of the BHP barrel. Incorporated within 
the core barrel is an Eastman multi-shot directional survey instrument that 
photographically records the compass bearing and plunge of the borehole.  In 
addition, it records the orientation of reference grooves that are cut into the core 
as it enters the barrel.  
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Advantages 
 
o Determines actual orientation of rock discontinuities.   
  
Disadvantages 
 
o Very expensive.   
o Requires staff experienced in its use.   
o Good recovery is required for accurate interpretation.   
o Will not function in strongly magnetic environments.   
 
3.6-3.2  Rock Coring Procedure 
 
1. Advance the borehole to the rock surface using the techniques 
described in Section 3.2 Drilling Techniques.   
 
2. Firmly seat the casing into the bedrock surface to seal off the borehole 
from the overlying strata and flush the borehole is with clean water.   
 
3. Carefully inspect the core barrel to ensure that all equipment is operating 
properly.  If necessary, decontaminate the core barrel in accordance with 
the project plans.   
 
4. Select bit types to produce the optimum recovery of each type of rock to be 
cored.  It may be desirable to change bits depending on the rock types 
encountered.  When production drops worn out or damaged bits must be 
changed.   
 
5. Lower the core barrel into the borehole and connect the drill stem to the 
drill rig.   
 
6. Use potable water the drilling fluid unless an alternate source has been 
approved by DEP and is identified in the project plans.  No exceptions are 
allowed if the bedrock to be cored is an identified aquifer.  Test the water 
source if chemical samples are to be obtained later from the borehole or 
the monitoring well.   
 
7. Place marks between 1 and 6 inches apart on the slide piston to monitor 
the rate of advancement of the core barrel.   
 
8. Advance the core barrel by controlling the rate of feed, rotation speed, and 
flow of drilling fluid.  To minimize core losses in soft, erodable rock, the 
following measures are recommended:   
 
o Restrict drilling to short runs of 2 to 3 feet each.   
 
o Keep drilling water pressure low (under 150 pounds per square 
inch [psi].) 
 
o Keep feed pressure under 100 psi.   
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o Use a split inner core barrel.   
 
9. Screen return water for volatile organic compounds (VOCs) using an 
organic vapor analyzer.   
 
10. Once the core barrel is advanced to the required depth or progress stops 
as a result of a blockage, stop the rotation, terminate the circulation of 
drilling fluid, and raise the drill stem a few inches to break the rock core 
from the rock mass.   
 
11. Retrieve the core barrel.  The drill rods and core barrel must be screened 
using an organic vapor analyzer as they are removed from the borehole.   
 
12. Open the core barrel, observe and log the core, and place the recovered 
rock core in rock core boxes.  If the drilling is taking place in a 
contaminated area, scan the core with an organic vapor analyzer.  Details 
regarding rock core handling and logging are discussed in the next 
subsection (Sections 3.6-3.3 and 3.6-3.4).   
 
13. Repeat steps 5 through 12 until the desired depth is achieved.  When 
drilling in a contaminated area, a decontaminated core barrel must be 
used.   
 
14. Split-spoon drive samples may be taken in any zones where it is not 
possible to drill and obtain satisfactory recovery of soft erodable rocks.  
Satisfactory recovery for this purpose is defined as 50 percent or greater.   
The inspecting geologist must not permit a full coring run to be drilled if he/she 
suspects that residual core was left in the hole on the previous run.  If this is 
believed to have occurred, he/she should direct that the next coring run be 
shortened by the length of core believed to have been left in the hole.  This is 
necessary to prevent blocking the core barrel, grinding of the core and splitting 
open split-tube core barrels.   
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3.6-3.3  Sample Handling and Storage 
 
Upon removal of the core barrel from the drillhole, wash the core while it rests in 
the liner half if a split tube has been used.  Care must be used in washing to 
avoid removing small pieces of core or soft joint or vein fillings.  If the rock is soft, 
friable, or otherwise erodable, and, in the opinion of the inspecting geologist, 
washing will damage the core, the washing process may be omitted.   
 
Place the core in wooden boxes specially constructed to hold and store rock 
cores (Figure 3.6-4).  Place the core in the core box with the top of the run at the 
upper left corner; place the remaining core sequentially from left to right and from 
the rear (nearest the cover hinge) of the box to the front.  If a split tube has been 
used, transfer the core to cardboard or plastic half-rounds prior to placement in 
the box.   
 
Place wood blocks marked with the appropriate depth and run number between 
each separate core run.  In addition, wherever core is lost due to the presence of 
a cavity or large joint (open or filled), place a spacer block in the proper relative 
position in the core box.  The spacer is the same length as that of the lost core.  
Mark the depth range on the spacer along with the reason for the missing core 
(e.g., cavity or large joint).   
 
Mark the core box on the top and both ends with the project name, site 
identification, boring number, depth range, and box number.  The Rock Quality 
Designation (RQD) should be indicated on all core boxes.   
 
3.6-3.4  Logging Rock Cores 
 
The basic objective of describing rock cores is to provide a concise record of 
important geologic and physical characteristics of the rock core (e.g., rock 
type/name, lithological/structural features, any physical conditions, including 
alteration, and any special geologic, mineralogic, or other features pertinent to 
interpretation of the subsurface conditions).   
 
Drill core of some rock types change (sometimes rapidly) once removed from its 
natural environment.  These can be a change in physical properties on exposure 
to air, often aggravated by physical degradation of the core due to rough 
handling.  It is, therefore, advisable to do all the logging immediately at the drill 
site. Note all physical changes that the core incurs; therefore, look at and 
possibly relog all cores that have been exposed to the air for some time.  Note 
effects on the physical properties of the rock (e.g., slaking action or effects of 
melting of frost or ice). This will give some indication of the long-term behavior of 
the material once it is exposed to the atmosphere.   
 
Personnel who handle diamond-drill core must avoid rough handling.  Sampling 
should be done with the minimum possible destruction of the core.  Permanently 
store core in a well-protected shelter or core shack.  Depending on the situation, 
it is often advisable to photograph the core at the drilling site before it is 
transported or damaged.  Photographs provide an inexpensive permanent record 
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of the core and may prove valuable at a later date for general lithological, fracture 
density, and rock quality assessments, as well as for pictorial documentation in 
reports and evidence during litigation.   
 
3.6-3.4.1  Geologic Core Log 
 
The geologic borehole core log should contain a systematic description of 
lithological characteristics of each rock type encountered, using the procedures 
provided in Section 3.7 Rock Classification.  Include a graphic or symbolic log.  
Typical borehole core logs are shown in Figures 3.6-5 and 3.6-6.   
 
The structural part of the log should contain details on major and minor structures 
and information on mechanical properties of the rock.  Log both descriptively and 
graphically any discontinuities in the core.  Record all relevant geologic structural 
features in the core logger 
 
Recognition of the generic type of discontinuity may not be possible in the core.  
The logger should be concerned with mapping only naturally occurring 
discontinuities.  Do not record any cracks or irregular fractures caused by poor 
coring and handling techniques.  Special effort should be made to familiarize the 
logger with the difference between induced and naturally occurring fractures in 
the core.   
 
The mechanical properties of the rock core can be assessed in terms of core 
recovery, RQD, hardness, weathering, strength, and fracture density to indicate 
the variation in rock quality.   
 
3.6-3.4.2  Logging Procedures 
 
Note the following features for all rock types:   
 
o Rock type description (see Section 3.7).   
 
o Attitude of bedding, cleavage, or foliation planes, and the ease of 
splitting along such planes.   
 
o Attitude and degree of jointing, whether open or filled, as well as 
evidence of shearing, crushing, or faulting.   
 
o Degree of alteration or weathering, hardness of the rock, and other 
engineering properties.   
 
o RQD for NQ or larger-size cores.   
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3.6-3.4.3  Rock Quality Determination (RQD) 
 
The RQD (Deere, 1964) method of determining rock quality is as follows: 
   
 1.  Sum the total lengths of core fragments, counting only those pieces of 
core that are 4 inches (10 cm) in length or longer (as measured along the 
vertical axis) and are hard and sound. If the core is broken by handling or 
by the drilling process, the fresh broken pieces are fitted together and 
counted as one piece, provided they form the requisite length of 4 inches 
(10 cm).   
 
 2.  The RQD is represented as a percentage.  The percentage is derived 
by dividing the total sum of core pieces (4 inches or greater) by length of 
the run minus the length of the core left in the hole times 100. See 
equation below:   
  
     RQD = ∑L(>4") x 100 
       (R-C) 
 
 Where:   ∑L(>4") = Sum of total length of core pieces 4 inches or  
        greater 
        R = Length of total core run 
        C = Length of core left in borehole 
 
 Below is a table relating the RQD percentage to a qualifier word for use in 
the well logs when coring in bedrock. 
 
 RELATION OF RQD AND ROCK QUALITY 
 
        Description of 
    RQD (%)    Rock Quality  
 
     0 to 25     very poor 
 
    25 to 50     poor 
 
    50 to 75     fair 
 
    75 to 90     good 
 
    90 to 100     excellent 
 
NOTE:  RQD can only be used on NQ core or larger.  The RQD should always be 
shown on the core log as a percentage.   
 
3.6-3.4.4  Documentation 
 
All descriptive data shall be noted on the geologic core log by the geologist 
responsible for core logging.  All completed boring logs shall be reviewed by a 
qualified geologist to assure completeness and technical accuracy.  Any changes, 
additions, or deletions to the original field logs shall be made so that the original 
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entry (words and/or numbers) remains legible.  Under no circumstances will any 
erasures be allowed.  If extensive deletions and additions are necessary, a second 
boring log form may be attached to the original and labeled with the original sheet 
number and a small "a" after said number.  Upon completion of the review, the 
supervising geologist will initial and date the "Checked By" section of the boring 
log.  All documentation originals shall remain in the project files.   
 
 
 
3.6-3.4.5  Logging Equipment 
 
The following equipment is used for geologic core logging:   
 
o water supply for wetting core 
o timepiece 
o wooden core boxes (standard size) with wood blocks and hinged lids 
o markers (indelible felt tip) 
o labels 
o acid bottle (dilute hydrochloric acid) 
o pocket knife 
o protractor (clear) 
o magnifying hand lens 
o collapsible, 6-foot folding ruler (marked in tenths) 
o tape, 100-foot length (marked in tenths) 
o sounding device 
o reference materials and forms 
o field notebook (waterproof) with a supply of pencils and pens 
o camera (optional) 
o Schmidt hammer (optional) 
o point load tester (optional) 
 
3.6-3.5  Other Specialty Core Barrels 
 
Other types of specialty core barrels not normally used for environmental 
assessments include the following:   
 
o calyx or shot-core barrel  
o steel-tooth cutter barrel  
o percussion core barrel  
o single-tube core barrel 
 
Because these types of core barrels are not commonly used, only a brief 
description of each type follows and advantages and disadvantages of each will 
not be included.   
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3.6-3.5.1  Calyx or Shot Core Barrel 
 
This device, used to obtain large-diameter samples of competent rock core, 
derives its name from the use of chilled, hard steel shot as the cutting medium.  
Single-tube, heavy-walled, soft-steel cutter barrels of varying lengths and 
diameters are manufactured by Ingersoll-Rand Co. especially for this purpose.  
The steel shot is fed into the annular space between the core and core barrel and 
grinds its way to the bottom of the barrel.  The steel shot, which is added as the 
drilling progresses, wears away the rock beneath the rotating barrel.  A special 
"calyx" at the top of the barrel causes a reduction in the rate of the returning wash 
water and serves to collect the borehole cuttings and worn-out shot.   
 
The core is removed from the borehole by a special large-diameter core lifter or by 
grouting the core inside the barrel with gravel.  Considerable driller expertise is 
required with this method.  The diameter of the core that can be recovered is 
limited only by the capability of the equipment to turn the core barrel and 
subsequently recover it.   
 
3.6-3.5.2  Steel-tooth Cutter Barrel 
 
Single-tube core barrels equipped with metal teeth are used for obtaining large-
diameter cores in soft or seamy rock.  However, any type of core barrel may be 
equipped with steel cutter teeth if the situation does not require the use of diamond 
bits.  The Denison and Pitcher samplers discussed in Section 3.4 In-situ Sampling 
of Soil are generally equipped with this type of cutter bit.  The steel cutter teeth 
may also be equipped with hard metal alloy inserts (e.g., tungsten-carbide) to 
improve drilling rates.  The metal inserts may be replaced in the bit very readily, 
renewing a dull or damaged bit for additional drilling.   
 
The steel-tooth cutter barrels are operated in the same manner as conventional 
rotary core barrels, except that they are rotated at much slower speeds.   
 
3.6-3.5.3  Percussion Core Barrel 
 
This core barrel consists of an outer barrel with a hardened steel bit and an inner 
barrel equipped with a pressure-release system and core retainer.  The inner 
barrel remains in contact with the rock and slides down over the core as the 
surrounding material is cut away by raising and dropping the outer barrel.   
 
Cores can be obtained in materials ranging from partially cemented soils to 
medium-hard rock.  However, some disturbance and breakage of the core usually 
occurs during the dynamic sampling process.   
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3.6-3.5.4  Single-tube Core Barrel 
 
The simplest type of rotary-core barrel is the single tube, which consists of a case-
hardened, hollow steel tube with a diamond drilling bit attached at the bottom.  The 
diamond bit cuts an annular groove or kerf in the formation to allow passage of the 
drilling fluid and cuttings up the outside of the core barrel.  However, the drilling 
fluid must pass over the recovered sample during drilling; the single-tube core 
barrel cannot be employed in formations subject to erosion, slaking, or excessive 
swelling.  Although the single tube is a very rugged core barrel and easy to 
operate, its limitations during sampling of both soil and rock are contributing to its 
declining application.   
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3.7  ROCK CLASSIFICATION 
 
3.7-1  PURPOSE 
 
In hydrogeological and geotechnical studies, the purpose of rock classification is to 
identify the properties of the bedrock that influence site conditions, particularly such 
factors as water quality, ground water movement, and stability.  Bedrock field 
investigations usually involve two parts:  (1) description of the rock type(s) and 
associated textural characteristics, and (2) description of weathering and structural fea-
tures of the bedrock.  These properties affect the water-bearing and water transmission 
qualities of the bedrock.  Field bedrock investigations may employ any or all of the 
following methods: 
 
o Mapping bedrock exposures (outcrops) to determine rock type and condition; 
description of surface weathering and structural features.   
 
o Subsurface investigations; logging of rock core or chips; geophysical logging of 
borehole.  
 
o Installing bedrock monitoring wells to measure horizontal and vertical gradients, 
hydraulic conductivity, and water quality.  
 
Descriptions used for the purpose of rock classification should employ, as much 
as possible, commonly accepted terms that will convey the same meaning to all 
who read them.   
 
General reference material describing rock characteristics for classification purposes are 
contained in Appendix A.  Examples of appropriate field logs are also included in 
Appendix A.   
 
3.7-2  METHODOLOGY 
 
A procedure for classifying and describing rocks in hand specimen or rock core is 
presented in the following paragraphs.  The procedure has been divided into two parts: 
(1) determining the rock type and describing its associated petrologic properties, and (2) 
describing both large- and small-scale structural features.   
 
3.7-2.1  Rock Type 
 
Rocks are divided into three fundamental categories: igneous, sedimentary, and 
metamorphic.  Categorization is based primarily on origin and secondarily on mineral 
content, grain size, and texture.  Mineral content, grain size, and texture have a direct 
influence on the chemical and mechanical properties of a rock and, consequently, are 
important in hydrogeologic and engineering assessments.  For example, many 
sedimentary sandstones have a primary permeability of 10- to 10- cm/sec due to the 
pore space between the grains that comprise the rock.  In comparison, most intrusive 
igneous rocks are made up of interlocking mineral crystals, which in the absence of 
secondary fractures have a very low primary permeability range of 10- to less than 10- 
cm/sec.  Proper identification of the basic rock type and associated properties is 
essential for accurate assessment of the hydrogeologic and engineering properties of 
the rock.  
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For a given rock sample, the following five rock properties will be described, and used to 
determine the basic rock type.  The method and terminology for determining each 
petrologic property will be described in detail.   
 
o hardness  
o color  
o texture  
o grain size 
o mineral content  
 
Examples of field notes, tables, and logs to aid in describing rock types are included as 
figures and tables at the end of this section.   
 
3.7-2.1.1  Hardness 
 
Hardness is a measure of a rock's resistance to scratching or abrasion. Hardness should 
be measured by scratching the rock with a knife or hitting it with a geologist's hammer.  
The following criteria can be used to determine the hardness characteristics of a rock:   
 
o Hard:  can be scratched with knife or pick only with difficulty; hard blows of 
hammer required to detach hand specimen.   
 
o Moderately hard:  can be scratched with knife or pick; gouges or grooves to 1/16-
inch deep can be incised by hand blow of point of a geologist's pick; hand 
specimens can be detached by moderate blow.   
 
o Moderately soft:  can be grooved or gouged 1/4-inch deep by firm pressure on 
knife or pick point; can be excavated in small chips to pieces about 1 inch 
maximum size by hard blows of the point of a geologist's pick.  
 
o Soft:  can be gouged or grooved readily with knife or pick point; can be 
excavated in fragments from chips to several inches in size by moderate blows of 
a pick point; small, thin pieces can be broken by finger pressure.   
 
3.7-2.1.2  Color 
 
Color is an important rock property used to distinguish one rock type from another.  
When describing the color, use only common names (e.g., gray, brown, or green) or 
simple combinations of these (e.g., yellow-brown).  Also, the degree of color (i.e., light 
versus dark) should be employed.  If minerals of different colors are present in the rock, 
a combination of color terms can be used to describe the dominant colors (e.g., white 
and black).   Color descriptions should apply only to fresh rock surfaces.  If the color 
refers to a weathered specimen, this should be noted.  If more detail is needed, use the 
Rock Color Charts of the Geological Society of America, which incorporate hue, value, 
and chroma numbers.   
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3.7-2.1.3  Grain Size 
 
Determination of grain size is important in assigning a rock sample to the correct rock 
group.  Grain-size descriptions for clastic sedimentary rocks differ from those for 
crystalline sedimentary rocks and igneous and metamorphic rocks.  The criteria for each 
category are presented herein.  A hand lens is helpful in determining grain size.  The 
following scheme can be used to describe the grain size for various rock types.   
 
 (a) Igneous, Metamorphic, and Crystalline Sedimentary Rocks 
 
 For igneous, metamorphic, and crystalline sedimentary rocks, the following 
textural terms should be used:   
 
o Aphanitic:  particles too small to be seen with the naked eye.   
o Fine-grained:  particles barely seen with the naked eye (<1 mm).   
o Medium-grained:  Particles seen with the naked eye to 1/8 inch (1 to 5 mm).  
o Coarse-grained:  particles greater than 1/8 inch (>5 mm).   
 
 (b) Clastic Sedimentary Rocks 
 
 For clastic sedimentary rocks, the following textural terms should be used:   
 
o boulder:  greater than 256 mm (>10 inches) 
o cobble:  256 to 64 mm (10 to 2.5 inches) 
o pebble:  64 to 4 mm (2.5 to .16 inches) 
o granule 4 to 2 mm (.16 to .08 inches) 
o very coarse sand:  2 to 1 mm (<.08 inches) 
o coarse sand:  1 to 1/2 mm 
o medium sand:  1/2 to 1/4 mm 
o fine sand:  1/4 to 1/8 mm 
o very fine sand:  1/8 to 1/16 mm 
o silt:  1/16 to 1/256 mm 
o clay:  less than 1/256 mm 
 
 Figure 3.7-1 may be used to aid in the determination of grain size.   
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3.7-2.1.4  Texture 
 
The texture of a rock refers to the overall aspect imparted by the sizes, shapes, and 
arrangement of grains.  Textures and small-scale structures are often easier to 
recognize than minerals, and are a fundamental basis for rock classification.  Textural 
terminology is generally specific to each basic rock type.  A simplified, but adequate, list 
of textural terminology and criteria follows.   
 
  
 
 a) Igneous Rocks.   
 
o Aphanitic:  crystalline grains too small to be seen without magnification.  
 
o Phaneritic:  small grains are visible without magnification.  
 
o Porphyritic:  large crystals embedded in a more finely crystalline ground 
mass.  
 
o Glassy:  having no definite mineral grains.  
 
o Fragmental:  composed of fragments of minerals or angular, broken 
fragments of rocks.  
 
 (b) Sedimentary:  Clastic Category 
 
 These rocks are made up of fragments or grains transported to the site of 
deposition (e.g., sandstone.)  
 
o Sorting:  a measure of how closely the clastic grains in a sediment approach 
being one size; ranges from poorly sorted to well-sorted  (see Figure 3.7-2 to 
determine the appropriate classification.)  In soils this referred to as grading 
(Section 3.5-3.3) 
 
o Angularity:  degree of rounding of individual grains; ranges from very angular 
to well-rounded  (see Figure 3.7-3 to determine classification.)   
 
o Sphericity:  the degree to which the shape of the grain approaches that of a 
sphere.   
 
o Bedding (Layering):  parallel-banded or streaked appearance.  
 
o Lamination:  thin, 1/8-inch or less, parallel layers or beds.  
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 (c) Sedimentary:  Crystalline Category 
 
  These rocks are produced by in-situ mineral growth.   
 
o Oolitic:  consisting of spherical grains, (oolites).   
 
o Massive:  rock constituents neither grouped in layers nor oriented in parallel 
position.   
 
 (d) Metamorphic 
  
  Metamorphic textures are presented in Figure 3.7-4.   
 
o Foliation:  A planar arrangement of textural or structural features imparting a 
tendency to split into layers similar to the way the mineral mica breaks. 
 
o Slaty:  a pervasive parallel directional structure in fine-grained metamorphic 
rocks that permits splitting into thin sheets.  The main difference between this 
and foliation is the slaty texture is finer grained. 
 
o Phyllitic:  a foliation that exhibits a silky sheen due to the parallel orientation 
of micaceous minerals. This is due to minute platy crystals.  
o Schistose:  a foliation in schist or other coarse grained rock due to parallel or 
elongate alignment of grains visible without magnification.  
 
o Gniessic:  a foliation due to compositional banding and roughly parallel 
alignment of minerals.  This texture exhibits a striped appearance. 
 
3.7-2.1.5  Mineral Content 
 
If possible, the primary minerals in the rock will be identified (e.g., quartz, feldspars, and 
mica) and percentages estimated.  Figure 3.7-5 can be used to aid in estimating 
percentages.  Primary minerals are listed, starting with least abundant and progressing 
to the most abundant.  A common rock name can be substituted for mineral names (e.g., 
granite or dolomite).   
 
3.7-2.1.6  Identifying Rock Type 
 
Rock types are identified using the five descriptive criteria as a basis.  (The estimated 
percentages presented in Figure 3.7-5 rely on the visual prominence of the properties of 
texture, grain size, and mineralogy.)  A simplified rock classification flow chart based on 
mineralogy, grain size, and texture is shown in Figure 3.7-6.  Classification diagrams for 
each rock category (i.e., igneous, metamorphic, and sedimentary) are presented in 
Figure 3.7-7.   
                                                   Section 3.7 
                                                   Page 6 
                                                   January 1991 
 
 
 
A descriptive rock name should be assigned.  The degree of complexity will be based on 
the need for detail and the field person's ability.  Generally, a simple rock name is 
sufficient.  Examples of typical rock names, ranging from simple to detailed, follow:   
 
o light gray limestone  
o moderately soft, light brown to black phyllite  
o hard, light gray, porphyritic granite  
o soft, reddish-brown, well-sorted, rounded, pebble-cobble conglomerate  
 
If possible and desirable, the formation name can be assigned to the rock; for example, 
"soft light gray to brown, garnet-staurolite schist, BERWICK FM".   
 
3.7-2.2  Description of Weathering and Structural Features 
 
In addition to describing the lithology of a rock sample, note the typical weathering and 
structural characteristics.  Generally, these characteristics are identified by the 
inspection of surface exposures of bedrock in the vicinity of the area of interest.  If 
possible, use a compass and clinometer to determine the orientation of structural 
features (e.g., foliation, bedding, and joints).  Generally, outcrops are located on a site 
map and corresponding descriptions are noted in a field book.  An example of a field 
description and tables to aid in describing weathering and structural features of bedrock 
outcrops are included in Appendix B.  General methods for describing the weathering 
condition of an outcrop and its structural features are presented in the following section.   
 
3.7-2.2.1  Weathering 
 
Weathering results from the natural alteration of rock by physical and chemical 
processes.  These processes include action of air and water, biological activity, and 
mechanical alteration.  Weathering characteristics are important in both hydrogeological 
and geotechnical investigations.  For example, permeability tends to increase as a 
function of weathering, and ultimately decreases again as the rock deteriorates towards 
a clayey soil.  To classify the materials and attributes of the weathered rock, it is 
necessary to distinguish differing degrees of weathering in a rock. A descriptive 
classification of weathering based on simple field tests follows:   
 
o Fresh:  rock looks fresh; crystals look bright; a few joints may show slight 
staining; rock rings under hammer, if crystalline.   
 
o Slight:  rock generally looks fresh; joints stained and discoloration extends 
into rock up to 1 inch; may show thin clay coatings, if open; open joints may 
contain clay; in granitoid rocks, some occasional feldspar crystals are dull 
and discolored; crystalline rocks ring under hammer blows.   
 
o Moderate:  significant portions of the rock show discoloration and weathering 
effects; in granitoid rocks, most feldspars are dull and discolored, some 
appear like clay; rock has dull sound under hammer blows and shows 
significant loss of strength compared to fresh rock.   
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o Moderately severe:  all rock material except quartz minerals discolored or 
stained; in granitoid rocks, all feldspars dull and discolored and majority show 
kaolinization; rock shows severe loss of strength and can be excavated with 
geologist's pick; rock gives "clunk" sound when struck by hammer.   
 
o Severe:  all rock material except quartz minerals discolored or stained; rock 
"fabric" clear and evident but reduced in strength to strong soil; in granitoid 
rocks, all feldspars kaolinized to some extent; some fragments of strong rock 
usually remain.   
 
o Complete:  rock reduced to "soil"; rock "fabric" not discernible or discernible 
only in small scattered locations; quartz may be present as dikes or stringers 
(i.e., saprolite).   
 
3.7-2.2.2  Structure 
 
Structure refers to the general disposition, attitude, arrangement, or relative positions of 
a rock body or portion of a rock body.  Structures represent a discontinuity or major 
heterogeneity in the rock body.  The term "texture" is generally used for small-scale 
features affecting the minerals and particles in a rock, whereas "structure" generally 
refers to variations in the component parts of a rock body as a whole.  Generally 
structural features are best observed in outcrops rather than hand specimens.  Rock 
continuity descriptions specific to drill cores are presented at the end of this section.  It is 
important that measurements of structural orientations be made on in-place rock, rather 
than boulders.  If the nature of the outcrop (e.g., outcrop or erratic) is uncertain, it should 
be noted.   
 
 (a) Discontinuities 
 
 Discontinuities are surfaces representing breaks or fractures separating the rock 
mass into discrete units.  Descriptive terminology and criteria for describing 
discontinuities follow.   
 
 (1) Types of Discontinuities.  (For more detailed descriptive terms, see 
Appendix B).   
 
o Fracture:  break in a rock due to mechanical failure by stress.  
Includes cracks, joints, and faults.   
 
o Crack:  a partial or incomplete fracture.   
 
o Joint:  a set of simple fractures along which no shear displacement 
has occurred  (usually occur with parallel joints to form part of a joint 
set.)   
 
o Shear:  a fracture along which differential movement has taken place 
parallel to the surface sufficient to produce slickensides, striations, or 
polishing; it may be accompanied by a zone of fractured rock up to a 
few inches wide.   
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o Shear Zone:  a band or zone of parallel, closely spaced fractures in 
rocks that are crushed or brecciated; it may range from less than a 
foot to many feet in width.   
 
o Fault:  a fracture along which there has been obvious displacement.  
Faults may be accompanied by gouge, brecciation and/or 
mylonization.   
 
 (2) Spacing.   Spacing refers to the perpendicular distance between 
discontinuities.  The following items are recommended to describe 
fractures.   
 
o very close:  spacing is less than 2 inches  
o close:  spacing is 2 to 12 inches  
o moderately close: spacing is1 to 3 feet  
o wide:  spacing is 3 to 10 feet  
o very wide:  spacing is more than 10 feet  
 
  
 
 
 
 3) Tightness:  Tightness describes the degree of closure of the opposing 
faces of the discontinuity.   
 
o Tight:  discontinuity clearly visible; interlocking surfaces; may require 
force to separate.   
 
o Open:  spaces clearly visible along discontinuity; opening may be 
filled with weathered material (i.e., clay); easily separated.   
 
o Healed:  discontinuity visible; generally will not separate easily; most 
commonly rehealed with calcite and quartz.  
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 (4) Attitude.  Attitude is the spatial arrangement (i.e., strike and dip) for all 
sets of discontinuities.  Descriptive terms for dip are as follows: 
 
   Description   Degrees of Dip 
 
   Horizontal    0 - 5˚  
   Shallow or low angle   5 - 35˚ 
   Moderately dipping   35 - 55˚ 
   Steep or high angle   55 - 85˚ 
   Vertical    85 - 90˚ 
 
 (5) Regularity.  Regularity is the levelness of the surface of the fracture.  
 
o Plane:  The fractured rock surface is flat and uniform.   
 
o Smooth:  The fracture is smooth to the touch; may appear polished 
and uniform in appearance.   
 
o Undulating:  The surface is wavy.   
 
o Rough:  The fractured surface is rough to the touch; hand does not 
slide easily along the surface.   
 
o Slickenside:  The fracture surface exhibits parallel striations resulting 
from brittle movement; "ridged" surface, usually feels smooth in one 
direction and rough in the opposite direction.   
 
 (6) Consistency.  Consistency is a determination of the uniformity of the 
discontinuities throughout the formation.  
 
 (7) Filling.  Filling describes the nature and thickness of the material, if any, in 
the space between discontinuities.  This filling may consist of weathered 
or altered rock, clayey material, etc.   
 
 (b) Vertical Spacing of Layering 
 
 The vertical spacing of layering or planar features within a rock should be 
described.  Layering is a generic term and includes such planar features as 
bedding and foliation.  It is used when the exact category is uncertain.  
Suggested terminology is as follows:  
   Descriptive Term  Spacing 
 
   very thin   less than 2 inches  
   thin    2 to 12 inches  
   medium   1 to 3 feet  
   thick    3 to 10 feet  
   very thick   greater than 10 feet 
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 (c) Descriptions Specific to Rock Cores   
 
 (1) Rock Core Discontinuity   Rock core discontinuity is any natural break in a 
rock whether or not it has undergone relative displacement.  Where 
applicable, utilize the following terminology in describing rock continuity:  
 
    Terminology   Length of Drill Stem Pieces* 
 
  extremely fractured    less than 1 inch 
 
  moderately fractured    1 to 4 inches 
 
  slightly fractured   4 to 8 inches  
 
  sound     greater than 8 inches 
 
 * Length of drill stem pieces between natural fractures, not mechanical breaks due to the 
coring process 
 
 (2)  Rock Quality Determination (RQD)  The RQD (Deere, 1964) method of 
determining rock quality described in Section 3.6-3.4.3 is repeated here for 
convenience:   
 
 Sum the total lengths of core fragments, counting only those pieces of core that 
are 4 inches (10 cm) in length or longer (as measured along the vertical axis) and 
are hard and sound.  If the core is broken by handling or by the drilling process, 
the fresh broken pieces are fitted together and counted as one piece, provided 
they form the requisite length of 4 inches (10 cm). 
 
 The RQD is represented as a percentage.  The percentage is derived by dividing 
the total sum of core pieces (4 inches or greater) by length of the run minus the 
length of the core left in the hole times 100.     
               
RQD =  ∑L(<4)  x  100 
(R-C) 
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Where:     ∑L(<4) = Sum of total length pf core pieces 4 inches or                      greater 
        R = Length of total core run 
          C = Length of core left in borehole 
 
 
 
RELATION OF RQD AND ROCK QUALITY 
 
                                       Description of      
                     RQD (%)           Rock Quality                      
 
                      0 to 25           very poor 
                    
                    25 to 50          poor 
 
                    50 to 75          fair 
  
                     75 to 90           good 
 
                    90 to 100         excellent   
    
 Note:  RQD can only be used on NQ core (1-7/8 inch) or larger.  The RQD 
should always be shown on the core log as a percentage. 
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3.8  LABORATORY TESTS FOR SOIL 
 
 
3.8-0  INTRODUCTION 
 
The purpose of this section is to provide general guidelines for the selection of certain 
applicable laboratory tests on soil samples.  These laboratory tests provide physical 
properties of soils, which may be necessary for geotechnical or hydrogeologic 
investigations, feasibility studies, and remedial design evaluations.  The tests can be 
categorized in two general types:  Index Properties Testing and Engineering Properties 
Testing.  Index testing, such as grain size distribution, water content, specific gravity, and 
organic content provide the basic properties of a soil mass and are generally used for 
classification purposes.  Some index properties are used to determine other index 
properties, such as porosity, as well as for correlation with engineering properties.  
Geotechnical properties such as compressibility, shear strength, permeability, and 
moisture/density relationships are necessary to predict the behavior and performance of 
soils used in earth construction.  Typical applications for geotechnical laboratory testing 
include the following:   
 
o Index properties and permeability testing are used in hydrogeologic investigations 
to help characterize ground water or contaminant flow behavior through various 
geologic media.   
 
o Moisture density testing, permeability testing and Atterberg limit testing are used to 
establish the unique relationship between soil placement criteria and resulting 
permeability for each site considered. Examples of use are the design and 
construction of landfill soil liners and cover systems.  
 
o Compressibility, permeability, and strength of soils and/or wastes are engineering 
property tests utilized for landfill designs.  Highly compressible waste materials can 
result in surface subsidence, which damages cover systems.  The permeability of 
the waste materials determines rates of waste consolidation and leachate 
generation.  The properties of the waste materials determine how they can be 
graded, sloped, drained, and traveled on.  Representative laboratory testing can 
only be performed on waste materials that could be considered homogenous in 
engineering analyses such as homogenous paper mill sludges or tannery waste.  
Representative laboratory testing cannot be performed on heterogeneous wastes 
with standard equipment currently used.   
 
o Shear strength of soil materials must be determined to evaluate the stability of 
existing and new waste containment dikes.  Consolidation tests are important if the 
soils underlying the dikes are soft and compressible.  These tests are useful for 
evaluating liner integrity, leachate collection system and construction sequencing. 
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For each test method, there is a discussion of the significance and use of the test, 
physical properties obtained, field methods required for obtaining samples, sample size, 
preservation of samples, and special considerations, where it is relevant.   
 
ASTM refers to the American Society for Testing and Materials.  Geotechnical laboratory 
test procedures are described in the annual book of ASTM Standards, Section 4, Volume 
04.08.  COE EM refers to the Engineer Manual for Laboratory Soils Testing prepared by 
the U.S. Army Corps of Engineers, Waterways Experiment Station under direction from 
the Office, Chief of Engineers, May 1, 1980, Edition.   
 
3.8-1  GRAIN-SIZE ANALYSIS 
 
3.8-1.1  Standard Test Methods 
 
The American Society of Testing Materials (ASTM) method numbers utilized are: 
 
o C 117:Standard Test Method for Material Finer than 75 mm (200) Sieve and 
Mineral Aggregate by Washing 
 
o C 136:Standard Test Method for Sieve Analysis for Fine and Coarse Aggregate 
 
o D 1140:Standard Method for Amount of Material in Soils Finer than Sieve Number 
200 (75 mm) 
 
o D 421:Standard Practice Dry Preparation of Soil Samples for Particle Size Analysis 
and Determination of Soil Constraints 
 
o D 422:Standard Method for Particle Size Analysis of Soils 
 
3.8-1.2  Significance and Use 
 
A grain-size analysis provides a distribution of soil particle sizes by weight.  The grain-size 
distribution of medium- to coarse-grained soils (particles larger than 0.075 millimeter in 
diameter) is determined directly by mechanical analysis, while that of fine-grained soils 
(generally particles less than 0.075 millimeters in diameter) is determined indirectly by 
hydrometer analysis (sedimentation).  Typical instances in which a grain-size distribution 
would be useful are in soil classification, rough estimations of the permeability of uniform, 
coarse-grained materials using published correlations, estimation of soil drainage 
characteristics, and evaluation of soil suitability for construction purposes.   
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3.8-1.3  Physical Parameters Obtained 
 
The physical parameter obtained from grain size analysis is: 
 
o Particle Size Distribution - a plot of the distribution of the particle size by weight on 
a logarithmic scale; coefficient of uniformity, percent fines, and maximum particle 
size.   
 
3.8-1.4  Field Sampling Methods, Sample Size and Preservation 
 
Samples for the grain-size analysis may be obtained using standard drilling and test pit 
sampling techniques, such as split-spoon sampling.  Representative samples of coarser-
grained soils (gravels) may not be obtained with the standard split-spoon sampler due to 
the standard inside diameter of the split spoon of 3.5 cm.  Undisturbed samples are not 
necessary.  Sample size is dependent on the maximum particle size of the material to be 
tested and is listed on Table 3.8-1. 
 
Prior to testing, store samples in noncorrosible, airtight containers in accordance with 
ASTM D 4220-89 (Standard Practice for Preserving and Transporting Samples).   
 
3.8-2  SPECIFIC GRAVITY OF SOIL 
 
3.8-2.1  Standard Test Method 
 
The ASTM method number utilized is: 
 
o D 854:Standard Test Method for Specific Gravity of Soils 
 
3.8-2.2  Significance and Use 
 
The specific gravity of soil is defined as the ratio of a unit weight of a soil's solid particles to 
the unit weight of water.  The specific gravity of the material is used, in conjunction with 
other index properties, for determination of the unit weight of a particular soil and for 
classification purposes.  This index property is also used in the determination of other 
index and engineering properties of soil, including void ratio and porosity.   
 
3.8-2.3  Physical Parameters Obtained 
 
The physical parameter obtained by specificity is: 
 
o Gs = Specific Gravity of Solids, no units 
 
3.8-2.4  Field Sampling Methods, Sample Size, and Preservation 
 
Samples for specific gravity determinations may be obtained using standard drilling and 
test pit sampling techniques.  Collection of undisturbed samples is not required.  Sample 
size is dependent on the apparatus used in the determination and ranges between 10 and 
25 grams. 
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Prior to testing, store samples in noncorrodible, airtight containers in accordance with 
procedures outlined in ASTM D 4220-89.   
 
3.8-2.5  Special Considerations 
 
The term "solid particles" is typically assumed to mean naturally occurring mineral particles 
that are not soluble in water.  The specific gravity of materials containing extraneous 
matter (such as contaminants, cement, or lime) and soils containing materials with a 
specific gravity of less than one, such as oil residue, typically require special treatment or a 
qualified definition of specific gravity.   
 
3.8-3  ATTERBERG LIMITS 
 
3.8-3.1  Standard Test Method 
 
The ASTM method number utilized is: 
 
o D 4318:Standard Test Method for Liquid Limit, Plastic Limit, and Plasticity Index of 
Soils 
 
3.8-3.2  Significance and Use 
 
Atterberg limits are index properties applicable to cohesive soils only (clays and silts) and 
are used to describe a soil's plasticity.  Atterberg limits are used most commonly for soil 
classification purposes, although several empirical relationships between Atterberg limits 
and engineering properties have been developed.   
 
By comparing the Atterberg limit values with the water content of the in-situ material, one 
can judge the workability and constructability of a particular soil.  This relationship is 
important in the compaction of clay liners and cover systems for landfills.   
 
3.8-3.3  Physical Parameters Obtained 
 
The physical parameters obtained from Atterberg limits are as follows:  
 
o LL = Liquid Limit - The water content, in percent, of a soil at the arbitrarily defined 
boundary between the liquid and plastic states.   
 
o PL = Plastic Limit - The water content at which a soil can no longer be deformed by 
rolling into 3 mm (1/8-inch) diameter threads without crumbling.   
 
o PI = Plastic Index - The range of water content for a soil where it behaves as a 
plastic material.  Numerically, it is the difference between the liquid limit and plastic 
limit.   
                                                       Section 3.8 
                                                       Page 5 
                                                       January 1991   
 
 
 
3.8-3.4  Field Sampling Methods, Sample Size, and Preservation 
 
Samples for this test may be obtained using standard drilling and test pit sampling 
techniques.  Undisturbed sampling techniques are not necessary.  Obtain a sample 
sufficient to provide 150 to 200 grams of material, which is less than 0.425 mm in 
diameter. 
 
Prior to testing, store samples in noncorrodible, airtight containers in accordance with 
procedures outlined in ASTM D 4220-89.   
 
3.8-3.5  Special Consideration 
 
The liquid and plastic limits of many soils that have been allowed to dry before testing may 
be considerably different from values obtained on undried samples.  If the liquid and 
plastic limits of soils are used to correlate or estimate the engineering behavior of soils in 
their natural moist state, do not permit samples to dry before testing, unless data on dried 
samples are specifically desired.   
 
The composition and concentration of soluble salts, chemicals or contamination in a soil 
may affect the values of the liquid and plastic limits of soils as well as the water content 
values.   
 
3.8-4  MOISTURE CONTENT 
 
3.8-4.1  Standard Test Method 
 
The ASTM method number utilized is: 
 
o D 2216:Standard Test Method for Laboratory Determination of Water (Moisture) 
Content of Soil and Rock 
 
3.8-4.2  Significance and Use 
 
The water content of a soil is the ratio of the weight of water of a given soil mass to the 
weight of solid particles.  The water content of a soil is used in expressing the phase 
relationship of air, water, and solids in a given volume of material.  The water content of 
cohesive soils is empirically correlated to compressibility, permeability, density, and 
workability.   
 
3.8-4.3  Physical Parameters Obtained 
 
The physical parameter obtained from a moisture content test is: 
 
o w = Water Content, expressed as a percent 
 
3.8-4.4  Field Sampling Methods, Sample Size, and Preservation 
 
The sample size for water content determination is dependent on the purpose of the test, 
the material being tested, and the type of sample (specimen from another test, bag, tube, 
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or split barrel).  In all cases, however, select a representative portion of the total sample.  If 
a layered soil or more than one soil type is encountered, select an average portion, or 
individual portions of both, and note which portions were tested in the report of the results. 
For bulk samples, select the test specimen after it has been thoroughly mixed.  The mass 
of moist material selected should be in accordance with Table 3.8-2.   
 
For cohensionless soils, mix the material and then select a test specimen size from Table 
3.8-2.  For cohesive soils, the mass of the moist material should not be less than 25 grams 
or should be in accordance with Table 3.8-2.   
 
Prior to testing, keep the samples in noncorrodible, airtight containers in accordance with 
procedures outlined in ASTM D 4220-89 at a temperature between 3 and 30 degrees 
Celsius and in an area that prevents direct contact with sunlight.   
 
3.8-4.5  Special Considerations 
 
This method does not give truly representative results for materials containing significant 
amounts of halloysite, montmorillonite or gypsum; highly organic soils; or materials in 
which the pore water contains dissolved solids (such as salt in the case of marine 
deposits).  For material of the previously mentioned types, a modified method of testing or 
data calculation may be established to give results consistent with the purpose of the test.  
 
3.8-5  ORGANIC CONTENT 
 
3.8-5.1  Standard Test Method 
 
The ASTM method number utilized is: 
 
o D 2974:Standard Test Method for Moisture, Ash and Organic Matter of Peat and 
Other Organic Soils 
 
3.8-5.2  Significance and Use 
 
The organic content determination measures the percentage of moisture, ash, and organic 
matter contained in a given sample.  The organic content of a soil is primarily used for 
classification purposes and can significantly affect other index and engineering properties 
of a soil.  Materials with high organic contents typically have low shear strength and are 
very compressible.  The organic content of a soil or waste material can have a significant 
impact on the cost of incineration processes or off-site disposal.  It also is an influencing 
factor in the biotransformation of organic contaminants.   
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3.8-5.3  Physical Parameters Obtained 
 
The physical parameter obtained by an organic content analysis is: 
 
o Oc = Organic Content - the ratio of the weight of organics in a given soil mass to 
the total weight of the soil mass.   Expressed as a percentage.   
 
3.8-5.4  Field Sampling Methods, Sample Size, and Preservation 
 
Samples for the organic content determination may be obtained using standard drilling and 
test pit sampling techniques.  Undisturbed sampling techniques are not necessary.  
Minimum sample size should range between 50 and 100 grams.   
 
Prior to testing, store samples in noncorrodible, airtight containers in accordance with 
procedures outlined in ASTM D 4220-89.   
 
3.8-6 MOISTURE-DENSITY RELATIONSHIPS OF SOILS (LABORATORY  
COMPACTION TEST) 
 
3.8-6.1  Standard Test Methods 
 
The ASTM method numbers utilized are: 
 
o D-698:Standard Test Method for Moisture-Density Relations of Soil Aggregate 
Mixture, Using 5.5 lbs. (2.49 kg) Rammer and 12 Inch (305 mm) Drop 
 
o D-1557:Standard Test Method for Moisture-Density Relations Soil and Soil 
Aggregate Mixtures, Using 10 lbs. (4.54 kg) Rammer and 18 Inch (457 mm) Drop 
 
3.8-6.2  Significance and Use 
 
The purpose of a laboratory compaction test is to determine the moisture/ density 
relationship of a representative soil sample.  This relationship is used as the standard for 
evaluating the effectiveness of compaction processes in the field.  This test is generally 
not performed until specific materials for construction have been identified.  The test is 
performed on fine-grained and coarse-grained soils.  For design and construction of soil 
liners and cover systems, a series of laboratory permeability tests are often performed 
together with the laboratory compaction test to establish a relationship between moisture 
content, soil density, and permeability.   
 
3.8-6.3  Physical Parameters Obtained 
 
The physical parameters obtained from a laboratory compaction test are: 
 
o ∂d =dry density - weight per unit volume, dry; expressed as Mg/m3.   
 
o ∂w =wet density - weight per unit volume, with water; expressed as Mg/m3.   
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o  ∂ d max =maximum dry density - the maximum unit weight determined in the lab) 
produced on a particular soil under a particular compaction effort; this density is 
considered the maximum density that can be obtained in the field, using commonly 
used compaction equipment; expressed as Mg/m3 (lbs/ft2).   
 
o OMC =Optimum Moisture Content - moisture content (of a soil) corresponding to 
the maximum density; expressed as a percentage.   
 
3.8-6.4  Field Sampling Methods, Sample Size, and Preservation 
 
Due to the large sample size required, samples for moisture density testing are generally 
obtained using standard test pit techniques.  Sample size is dependent on the method 
used and should range between 20 and 50 kilograms of material.   
 
Samples stored prior to testing must be sealed to prevent moisture loss in accordance with 
D 4220-89.   
 
3.8-7  STRENGTH TESTING OF SOILS 
 
3.8-7.1  Standard Test Methods 
 
The ASTM method numbers utilized are: 
 
o D 2166:Standard Test Method for Unconfined Compressive Strength of Cohesive 
Soils 
 
o D 2850:Standard Test Method for Unconsolidated, Undrained Compressive 
Strength of Cohesive Soils in Triaxial Compression 
 
o D 3080:Standard Test Method for Direct Shear Test of Soils Under Consolidated 
Drained Conditions 
 
The methods utilized by the US Army Corps of Engineers, Engineer Manual for 
Laboratory Soils Testin (COE EM) are: 
 
o COE EM 1110-2-1906 (Appendix IX):  Drained Direct Shear Test 
o COE EM 1110-2-1906 (Appendix X) :  Triaxial Compression Tests 
o COE EM 1110-2-1906 (Appendix XI):  Unconfined Compression Test 
 
3.8-7.2  Significance and Use 
 
Strength testing of soils is necessary for stability evaluations of earth embankments, 
excavations, and soils supporting structure foundations.  For landfill projects, strength tests 
on homogeneous waste materials are useful for evaluation of waste handling, placement, 
configuration, and construction sequencing.  Strength tests are often performed in prelimi-
nary stages of projects to evaluate conceptual remediation alternatives or preliminary 
design for waste containment schemes, closure evaluations, site clean-up schemes, and 
new landfills.  For final design phases of such projects, strength testing is imperative.   
 
Several different types of triaxial strength testing can be performed depending on the 
intended use of the soil and expected loading conditions.  The selection and use of soil 
                                                       Section 3.8 
                                                       Page 9 
                                                       January 1991   
 
strength testing will depend on the project size and the size of the investigation.  In 
general, a specific type of strength test will be selected for a particular soil or waste 
material depending on loading conditions that will be experienced during construction and 
operation.  To assure that the type of strength test planned corresponds to the anticipated 
loading conditions, consult a geotechnical engineer.   
 
3.8-7.3  Physical Parameters Obtained: 
 
The physical parameters obtained by strength testing are: 
 
o c =cohesion - the shear strength that exists in the absence of any normal stress on 
a failure plane; expressed in kPa. 
 
o qμ = unconfined compressive strength; expressed in kPa. 
 
o Φ =angle of internal friction; expressed in degrees. 
 
3.8-7.4  Field Sampling Methods, Sample Size, and Preservation 
Samples for strength testing may be obtained using drilling and test pit sampling 
techniques for disturbed and undisturbed sampling. Perform testing on disturbed 
samples if soils are to be used for construction purposes (i.e., reworked during 
construction).  Perform testing on undisturbed samples if the native (in-situ soils) 
are to be loaded during construction (i.e. embankments or landfills are to be 
constructed over existing soils).   
 
The most common means of undisturbed sampling is by thin-walled tube sampling 
methods outlined in Section 3.4 of these references.  In order to minimize sample 
disturbance, thin walled sampling tubes should be no smaller than 7.62 cm. (3-inches) in 
diameter.  It is important to minimize sample disturbance to obtain accurate strength test 
information.  Disturbed (remolded) test specimens can also be made from samples ob-
tained in standard drilling and test pit sampling techniques.   
 
Seal samples to prevent moisture loss and handle carefully during shipment to avoid 
disturbance, in accordance with procedures outlined in ASTM D 4220-89.   
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3.8-8  CONSOLIDATION TEST 
 
3.8-8.1  Standard Test Method 
 
The ASTM method number utilized is: 
 
o D 2435:  Standard Test Method for One Dimensional Consolidation Properties of 
Soils 
 
3.8-8.2  Significance and Use 
 
Consolidation testing of soils will provide the parameters necessary to predict the 
rate and magnitude a soil will consolidate (settle) under the application of a load.  
The test is usually performed on fine-grained, compressible soils such as silts 
and clays.  A typical instance in which the rate and magnitude of settlement 
would need to be determined is an evaluation of the impact of a landfill and its 
embankments upon underlying soils.  If a particular waste can be considered to 
behave as a homogeneous mass, consolidation testing may be helpful to predict 
the amount of settling a landfill cap many undergo due to the overlying weight of 
the cap material.  Consolidation properties are also necessary to predict the 
amount of leachate that may be generated from the landfill waste.   
 
3.8-8.3  Physical Parameters Obtained 
 
Some of the physical parameters obtained from the consolidation test are:   
 
o   cv   = Coefficient of Consolidation - used to determine 
    the rate of consolidation of a soil; expressed as m2/year.   
 
o Cc and Cr  = Compression Indices - used to determine the amount 
of settlement a soil will experience under application of a 
load; dimensionless.   
 
o eo  =  Initial or In-situ Void Ratio used in the calculation of          
settlement; dimensionless.   
 
 
3.8-8.4  Field Sampling Methods, Sample Size, and Preservation 
 
Samples for consolidation testing must be obtained using drilling and test pit sampling 
techniques for undisturbed sampling.  The most common means of undisturbed 
sampling is by thin-walled tube sampling methods outlined in Section 3.4 of these 
references.  In order to minimize the effects of sampling on the test results, thin-walled 
sampling tubes should be no smaller than 7.62 cm. (3-inches) in diameter.  Alternative 
means of sampling shallow soils (usually less than 3 meters) would be by test pitting 
techniques outlined in Section 3.1 of these SRs.   
 
Seal the samples to prevent moisture loss and handle carefully during shipment, following 
procedures outlined in ASTM D 4220-89.   
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3.8-9  PERMEABILITY OF SOILS 
 
3.8-9.1  Standard Test Methods 
 
The ASTM method number utilized is: 
 
 D-2434:  Standard Test Method for Granular Soils (Constant-Head Test) 
 
The COE EM method number utilized is: 
 
 COE EM 1110-2-1906 (Appendix VII): Method for Granular Soils and Cohesive 
Soils 
 
3.8-9.2  Significance and Use 
 
Permeability testing of soils will provide parameters necessary to predict the flow rate of a 
fluid through soils.  Laboratory permeability tests can be performed on "undisturbed 
samples" or on samples recompacted in the lab to approximate in-situ conditions.  
Permeability tests are used extensively in hydrogeologic investigations to help predict the 
rate of groundwater flow or contaminant migration.   
 
3.8-9.3  Physical Parameters Obtained 
 
The physical parameter obtained in permeability testing is: 
 
 K = coefficient of hydraulic conductivity; permeability;     
                expressed as cm/sec.   
 
 
3.8-9.4  Field Sampling Methods, Sample Size, and Preservation 
 
Samples for permeability testing may be obtained using standard drilling and test pit 
sampling techniques for disturbed and undisturbed sampling.  The sample size should 
range between 400 and 1600 grams.   
 
Prior to testing, store samples in noncorrosive, airtight containers in accordance with 
ASTM D 4220-89.   
 
3.8-9.5  Special Considerations 
 
The test method and equipment apparatus used for permeability testing can vary 
considerably depending on the condition and character of the sample to be tested.  
Whether the sample is fine-grained or coarse-grained; very soft, undisturbed, remolded or 
compacted; saturated or non-saturated, will influence the type of apparatus and test 
method employed.   
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3.9  PLUGGING BOREHOLES 
 
3.9-1  PURPOSE 
 
The purpose of plugging boreholes is to maintain the integrity of the natural subsurface 
conditions.  Subsurface exploration activities of any kind introduce the potential to 
develop pathways for the movement of liquids and gases between geologic materials.  
Boreholes are the most common technique used for subsurface exploration associated 
with geotechnical investigations, soil and rock sampling, down-hole geophysical 
exploration, and the installation of piezometers and monitoring wells.  The most common 
drilling techniques for making boreholes include, but are not limited to, uncased mud 
rotary, cased drive-and-wash and spun methods, and solid- and hollow-stem augers.  In 
most cases, the concern is to prevent the migration of contaminants between geologic 
strata or from the surface to the subsurface environment.  In addition to the potential 
migration of contaminants, boreholes may impact the natural water levels in both 
confined and unconfined aquifers.  For these reasons, it is recommended that all 
boreholes that are not sealed as part of the installation of either piezometers or 
monitoring wells be plugged immediately after completion and utilization for their 
intended purpose.  This should apply to uncontaminated as well as contaminated areas.   
 
A brief description of the most common methods and materials used to plug boreholes 
are discussed in the following subsection.  Some of the methods are also discussed in 
Section 3.3, Borings in Contaminated Areas, Section 4.3, Well Installation Procedures, 
and Section 4.6, Decommissioning of Monitoring Wells.   
 
3.9-2  METHODOLOGY 
 
The principle behind the methodology is simple and straightforward:  that is, to plug 
borehole from bottom to top with a permanent, low permeability material.  The most 
commonly used plugging material is described in this section.  Because different 
equipment may be used to advance the borehole, this section will also describe a 
plugging methodology for the three most common drilling techniques:  mud rotary, spun 
and drive-and-wash casing, and solid- and hollow-stem auger.   
 
3.9-1.2  Plugging Material 
 
It is recommended that the grout mixture used to plug all boreholes be composed, by 
weight, of 20 parts Portland cement to one part of bentonite, with a maximum of 
8 gallons of water per 94-pound bag of cement.  More bentonite may be required if the 
formation is very porous.  This ratio of cement to bentonite should not exceed 6:1.  Only 
clean water should be used when mixing grout slurries.  It is important to always mix the 
bentonite with the water first, before adding cement.  More details of grout material, 
mixtures, and mixing methods are described in Section 4.3-5.3.2 Grout Slurries.  It 
should be noted that a neat cement is recommended for decommissioning abandoned 
wells when the riser and screen are left in place (Section 4.6).   
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3.9-2.2  Installation Techniques 
 
The following sections briefly describe the plugging methods for mud rotary, cased 
boring, and solid- and hollow-stem auger techniques.   
 
3.9-2.2.1  Mud Rotary Boreholes 
 
When an uncased mud rotary borehole is completed, the plugging may be accomplished 
by pumping the selected grout mixture down the drill pipe while it is still in place with the 
rotary bit at the bottom of the hole.  Because the grout mixture may plug the drill bit, it is 
recommended to use a separate tremie tube for this procedure.  A tremie tube is a small 
diameter hollow plastic or metal tube.  While grout is being pumped down the borehole, 
the drilling mud and formation water escape at the surface between the drill pipe and 
borehole wall (annular space).  Grout should be pumped continuously until all the drilling 
mud and ground water has been forced out of the borehole.  This is usually determined 
visually by watching the escaping fluid.  When the hole has been completely filled with 
grout, the drill pipe can be removed.  As the pipe is removed from the hole, the level of 
grout should be maintained at the ground surface.  This can be accomplished by either 
pumping more grout down the drill pipe or by pumping grout directly into the annular 
space around the drill pipe.  The latter is much easier and should be done with a short 
(i.e., 5 to 10 foot long) tremie tube.  After the drill pipe has been completely removed, the 
grout level should be observed and periodically "topped off" with additional grout as 
settling and curing occurs.   
 
3.9-2.2.2  Cased Boreholes 
 
Cased borings are generally drilled with either spun or drive-and-wash techniques.  
When completed, even if they are above the water table, they generally have residual 
water from the washing activities in the casing.  Plugging should be accomplished by 
pumping the selected grout mixture to the bottom of the borehole through a tremie tube.  
As the borehole fills, the residual water in the casing will be displaced and escape out 
the top of the casing.  Grout should be pumped continuously until all the wash water has 
been forced out of the casing.  This is usually determined visually by watching the 
escaping fluid.  When the casing is full, the casing can be pulled from the borehole.  As 
each section of casing is removed, the grout level should be maintained at the top.  
While the casing is being pulled, the tremie pipe can be shortened by 5- or 10-foot 
lengths.   
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3.9-2.2.3  Auger Boreholes 
 
Auger borings are drilled using either a solid- or hollow-stem technique.  Solid-stem 
augers should only be used under special conditions when it has been determined that 
plugging of the borehole will not be required.  In order to plug a borehole made with a 
solid-stem auger, the auger must be totally removed from the ground prior to grouting.  
In unstable soil conditions, the borehole may collapse partially or completely before a 
tremie tube can be inserted. Every attempt to pump grout into the uncollapsed portion of 
the borehole must be made immediately after the solid stem auger has been removed.  
The procedure utilized to plug the borehole is the same as for the Hollow-stem auger, 
below, except there are no augers to be removed during the process.  
 
Hollow-stem auger borings are plugged in much the same way as a cased 
boring.  If the augers are below the water table, a tremie tube must be used to 
pump the grout to the bottom of the hole.  The grout will displace and force the 
formation water out the top of the augers.  The augers can be pulled and 
removed, one section at a time, while the level of grout is maintained at the top.  
If possible, it is advisable to pull the augers without rotating them.  This will 
produce a smoother borehole wall and thus maintain a more uniform column of 
grout.   
 
If the augers are above the water table, it is acceptable to pour grout into the hollow 
stem directly.  Always keep the grout filled to the top as auger sections are pulled and 
removed.   
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 SECTION 4.1  MONITORING WELL NETWORK DESIGN 
 
 
4.1-1  PURPOSE 
 
The following section presents guidelines for the design of monitoring well networks.  
Monitoring wells are installed for a variety of reasons including: 
 
o To determine horizontal and vertical hydraulic gradients that influence the 
direction of ground water flow.   
 
o To obtain measurements of aquifer properties, primarily hydraulic conductivity, 
utilizing in-situ hydraulic conductivity tests and pump tests.   
 
o To monitor changes in water quality over time. 
 
o To define the two- or three-dimensional distribution of contamination in an 
aquifer. 
 
o To evaluate the effectiveness of remedial measures. 
 
Frequently, not enough attention is given in field investigation programs to the design of 
well networks.  If the network is not properly designed, important features relating to both 
the hydrogeology and chemical composition of the water within an aquifer may not be 
gathered.  If this occurs, one might reach erroneous conclusions about conditions at the 
site.  This could result in inadequate definition of potential receptors and improper design 
of remedial measures.   
 
The design of a monitoring well network is site-specific.  It is important to understand 
that the conditions at each site are unique and, therefore, site-specific factors affecting 
ground water flow and contaminant migration must be considered when designing an 
appropriate monitoring well network.  It also makes a difference whether the network is 
being designed to define a plume of contamination migrating from a known source or to 
identify a source from a downgradient point or area of contamination.  Design of a 
network requires input from experienced individuals familiar with the interrelationships of 
geology, hydrology, and ground water chemistry, as well as the suitability of various 
drilling and well installation methods.   
 
This section will focus on designing well networks for contaminant plume investigations 
and not networks specifically used to gather pump test data.  Guidance on the design of 
pump test monitoring systems is available from the DEP, Bureau of Resource 
Protection, Division of Water Supply. However, it should be noted that the two are not 
mutually exclusive.  Certain sites may involve conducting a pump test at some phase of 
the contaminant investigation.    
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4.1-2  DESIGN CONSIDERATIONS 
 
The following factors should be considered in the development of a network design:  
 
o The objective(s) of the investigation. 
 
o Data collected from the wells must be representative of the aquifer conditions. 
 
o A desire to maximize the information obtained from a limited number of wells. 
 
o Flexibility - modification of the placement and design of monitoring wells must be 
possible, based on new information acquired in the field. 
 
o Budget  
 
4.1-2.1  Objective(s) of the Investigation 
 
The objective(s) of the investigation must be clearly defined in order to design an 
effective monitoring well network.  Generally, investigations can be divided into two 
categories:  uncontaminated sites where hydrogeologic monitoring is required or 
hydraulic characteristics are to be evaluated and contaminated sites where both aquifer 
hydraulic characteristics and ground water chemistry must be evaluated.   
 
4.1-2.1.1  Investigations at Uncontaminated Sites 
 
Monitoring wells may be installed at uncontaminated sites to observe draw-down during 
a pump test, to perform slug tests in order to estimate hydraulic conductivity, to obtain 
water-level data to determine ground water gradients and flow directions, and to monitor 
the impact of various activities on the hydraulic head.  In many cases ground water 
sampling is not required in these investigations.  If ground water chemistry and 
contaminant characteristics are not a concern, then the network design may need to 
consider only the site geology and hydrology.   
 
4.1-2.1.2  Investigations at Contaminated Sites 
 
In many types of contamination investigations the best approach is to perform field 
studies in phases, incorporating an increasing level of complexity with each phase as 
more information concerning specific site conditions is collected and analyzed.  The 
network becomes denser or more extensive with each successive phase.  The network 
design will be influenced by the migration pattern of the contamination problem being 
investigated as well as by the chemistry of the contaminants.  From a point of 
contamination where the source is unknown, the network design extends in the 
upgradient direction seeking to locate the source.  From a known source of 
contamination, the network is designed to characterize the three-dimensional extent of 
the plume in the downgradient direction.   
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4.1-2.2  Collecting Representative Data 
 
In designing a network for a site investigation, consideration must be given to the 
influence of the drilling techniques, well construction materials, well location, and 
installation depth to ensure that the environmental samples and analytical data 
generated from the wells are representative of the site.  There are numerous cases 
where the conditions at a site have been improperly characterized due to introduction of 
chemicals during drilling and installation of monitoring wells.   
 
4.1-2.3  Maximizing the Information with a Limited Number of Wells 
 
With the exception of research sites, there are rarely enough data to thoroughly 
characterize a site.  The primary reasons for this are that the understanding of 
subsurface processes is incomplete and the costs associated with subsurface studies 
and well installation programs are very high.  Consequently, it is desirable to maximize 
the amount of information that can be collected from each borehole and well.  If both 
water level and water quality data are being collected, then the well design should allow 
proper placement of wells so that contaminants are intercepted and adequate sizing so 
that sampling equipment can be lowered into the well.  As the depth of the borehole 
increases, multi-level well installations become increasingly cost-effective.   
 
In order to maximize the information obtained from a limited number of wells, it is 
important to monitor drilling progress continuously, to collect soil samples frequently, to 
evaluate the characteristics of the subsurface materials encountered, and to monitor the 
samples for contaminants.  During the drilling process, if appropriate, estimation of the 
aquifer in-situ borehole permeability and visual classification of soil samples should be 
employed to evaluate variations in permeability and to determine the most suitable zone 
for installing the well screen.   
 
4.1-2.4  Incorporating Flexibility in the Design 
 
It is important that the initial design provides for modifications based on an evaluation of 
new data acquired during the field program. The final design must be based on an 
understanding of the subsurface geology and other site characteristics.  Typically, 
collection of new subsurface information occurs concurrently with well installation 
programs.  If existing site information is limited or if the field investigation reveals 
important differences from the original assumptions, the network design should be re-
evaluated based on this new data. For example, the detection of separate phase liquids 
or identification of a highly permeable zone may require specific types of well 
installations or materials.  If these considerations are not taken into account, the 
collection of appropriate information that is most relevant to the investigation may not be 
obtained. This might result in the omission of significant information about the site.   
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Final decisions on boring locations and well placement should be based on evaluation of 
the data acquired during the field program.  Field personnel should have adequate 
experience and authority to make changes in the initial design when such changes are 
related to new information about field conditions. One should not hesitate to stop drilling 
to examine new data if it affects drilling locations. The cost of drilling one poorly located 
well far outweighs the cost of remobilizing the drilling rig in almost every case. 
 
4.1-2.5  Budget Considerations 
 
The amount of money available for subsurface investigations and well installations 
directly influences the network design.  In order to get the most information for the 
available funds, data gaps existing at a site must be identified and prioritized before 
initiating a site investigation.  Attempts should be made to fill the data gaps to the extent 
practicable.  For example, if the site geology or hydrogeology is thought to be complex 
and the existing data is limited, it would be inappropriate to install only two wells 
containing a large number of expensive multi-level sampling instruments.  For the same 
amount of money, several monitoring wells/piezometers might be installed across the 
site to provide more insight into the basic geologic and hydrogeologic conditions.  
 
Too often, a disproportionate amount of funds are spent on chemical analytical work, 
leaving inadequate funds for an accurate characterization of the site hydrogeology.  
Even the most sophisticated analysis is useless if the wells have not been properly 
designed and located.   
 
4.1-3  DEFINING THE PROBLEM 
 
The scope of the network design is dependent on many factors including the extent of 
available information, the complexity of the site geology and hydrogeology, the proximity 
of downgradient receptors, the nature of the contaminants, if any, and access to and 
around the site. Proper network design requires a basic knowledge of the following 
factors:  
 
o Physical setting. 
o Character of the contaminants.  
o Preliminary determination of exposure pathways.   
 
Important aspects of each factor are discussed on the next page:   
 
4.1-3.1  Understanding the Physical Setting 
 
Characterizing the physical setting is often the first step taken prior choosing well 
locations and well types.  Often this factor, more than any other, controls the final design 
of a well network. 
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4.1-3.1.1  Geology 
 
In order to design an effective monitoring well network, the nature and variability of the 
site geology must be understood.  Small-scale heterogeneities can have a significant 
impact on the movement of contaminants. Borings and monitoring wells should be posi-
tioned, if possible, so that geologic cross-sections can be constructed across a site at 
various locations and orientations (see Figure 4.1-1).  Knowledge about the regional 
geologic history of a site is essential for accurate subsurface interpretations.  In the more 
detailed phases of an investigation, information on grain-size, porosity, and permeability 
may be useful in refining a network design.  Geophysical investigations also may be 
helpful in defining subsurface conditions.   
 
 
4.1-3.1.2  Hydrogeology 
 
An evaluation of the hydrogeology of the site is another fundamental aspect of network 
design. This information may range from an estimate of ground water flow directions 
based on a review of topographic map features to a detailed assessment of variations in 
horizontal and vertical gradients at the site and the interaction of the ground water with 
surface water features.  The influence of nearby pumping wells and ground water sinks 
created by subsurface utilities also should be considered.  An assessment of the 
hydrogeologic conditions at a site typically involves the construction of ground water 
contour maps, flow nets and permeability calculations (see Figure 4.1-2).   
 
4.1-3.1.3  Existing Surface and Subsurface Structures 
 
An assessment of significant surface and subsurface features is necessary for an 
effective network design.  Dig-Safe should be contacted to determine the location of 
underground utilities in public right-of-way before initiating any subsurface investigations.  
Dig-safe requires at least three days notice and may or may not trace lines across 
private property.  If applicable, local sewer and water departments should be contacted 
to locate municipal utilities. A site map showing private utilities should be obtained 
whenever possible. Man-made features such as overhead utilities and trees and buried 
utilities such as storm drains, septic tanks, and leaching fields, as well as property 
boundaries and roadways may significantly affect access to drilling sites and, hence, the 
placement of wells.  Additionally, subsurface trenches and active pumping wells can 
significantly alter natural ground water flow directions and contaminant distribution.   
 
4.1-3.1.4  Conceptual Model 
 
Well networks should be based on a conceptual geologic and hydrogeologic model of 
the site conditions.  In most investigations it is prudent to incorporate monitoring points 
that serve to prove or disprove the validity of this conceptual model.  This may include 
wells placed in low permeability areas to provide quantification and validation of the 
actual permeability and to determine if contaminants, though not expected, are actually 
present.   
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It may also include placing wells at suspected recharge/discharge boundaries to 
establish ground water flow conditions. A complete conceptual model should incorporate 
both vertical and horizontal flow conditions (i.e. flow net).  The importance of developing 
a conceptual model cannot be overemphasized.  
  
4.1-3.2  Understanding the Physical and Chemical Characteristics of Contaminants 
 
Characteristics of the natural ground water quality and any contaminants in the aquifer 
will affect the fate and transport of chemical species in the aquifer.  Contaminants can be 
sub-divided into two main categories:  aqueous dissolved phase liquids (ADPLs) and 
non-aqueous phase liquids (NAPLs); the latter group includes both "floaters" and 
"sinkers."  Once an assessment has been made of the potential sources, the types of 
contaminants, and the suspected contaminant concentrations, information on the 
characteristics of each contaminant should be compiled.  Important chemical 
characteristics that should be evaluated include solubility, specific gravity, viscosity, 
octanol/water partition coefficient, Henry's Law Constant, and degradation by-products. 
These characteristics influence the spatial distribution of the contaminant in the aquifer, 
how it reacts with water, and how it will migrate and degrade in the aquifer.  These 
chemical characteristics must be taken into account when developing a monitoring well 
network, as they will influence the correct placement of the monitoring wells.   
 
4.1-3.2.1  Aqueous Dissolved Phase Liquids (ADPLs) 
 
Dissolved phase solutes, both inorganic and organic, move with the ground water, 
though their rate of travel may be different due to sorption, desorption, and degradation 
during transport.  Dissolved phase solutes include miscible compounds such as 
methanol, ethanol, acetone and salts; partially miscible compounds such as Methyl Ethyl 
Ketone (MEK); and somewhat soluble compounds such as benzene.  The solubility of 
metals varies widely and are greatly affected by the ground water chemistry.  
Essentially, all inorganic and organic compounds are soluble to some degree and may 
be found in the dissolved phase.  The presence of the contaminant in the dissolved 
phase will not significantly affect the density of the water unless the concentration is in 
the range of 104 or 105 ppm.      
 
4.1-3.2.2  Non-Aqueous Phase Liquids (NAPLs). 
 
 (a)  "Floaters" 
 
 Those contaminants with a specific gravity of less than 1 will float on top of the 
water table aquifer as a separate, non-aqueous phase.  Gasoline and the 
components of gasoline:  benzene, toluene, and xylene (BTX) are usually 
considered "floaters."  Gasoline spills often move erratically through the 
unsaturated zone and when they reach the water table the floating contaminant 
will flow downgradient on top of the water table.  If monitoring wells are screened 
below the water table, it is possible that a floating phase may not be detected. 
Diagrams of floating product are shown on Figure 4.1-3.   
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 (b)  "Sinkers" 
 
 Non-aqueous contaminants with a specific gravity greater than 1.0 will tend to 
sink in an aquifer as a separate liquid phase.  Some of the common "sinkers" are 
trichloroethylene (TCE), tetrachloroethylene (PCE), and other chlorinated 
hydrocarbons.  Recent work by John Cherry of the Institute for Groundwater 
Research at the University of Waterloo in Canada has shown that many ground 
water contaminant investigations are not spending enough time searching for 
"Dense Non-Aqueous Phase Liquids" (DNAPLs).   
 
 Experiments described by Friedrich Schwille (1988) of West Germany suggest 
that, if there is an excess build-up of product above the water table, DNAPLs 
may sink rapidly in a water-saturated medium.  Under the right circumstances, 
DNAPLs can continue to sink until they reach a relatively impermeable zone, 
where they begin to accumulate and migrate laterally. This impermeable zone 
may be a clay or silt layer or bedrock.  When the DNAPLs reach this low 
permeability interface they tend to form bulbous mounds and flow downslope 
under the influence of gravity, independent of the direction of ground water flow. 
Figures 4.1-4 and 4.1-5 illustrate the migration of DNAPLs in porous media and 
fractured rock, respectively.   
 
4.1-3.3  Preliminary Exposure Characterization 
 
In contamination investigations, a preliminary exposure assessment must be undertaken 
to determine the receptors that may be impacted by the contamination.  The 
identification of any potential human and environmental receptors is required in the initial 
stages of a preliminary assessment as outlined in the Massachusetts Contingency Plan 
(MCP) in section 310 CMR 40.543.  Monitoring wells are frequently installed during and 
after the exposure characterization to determine the direction of ground water flow, its 
rate of migration, contaminant concentrations, and receptors subject to the highest risk.   
 
4.1-4  METHODOLOGY 
 
Designing a monitoring well network involves synthesizing information about the site 
geology, hydrology, ground water and contaminant chemistry, and human activities 
affecting the area being investigated. Monitoring well network design requires that the 
following steps be carried out: 
 
o Compilation of available background data.   
 
o Determination of the number and location of the wells and the vertical placement 
of the screened interval.   
 
o Determination of the most suitable well type, size and construction materials. 
 
Many innovative drilling and well installation techniques have been developed over the 
past few years as a result of the large number of site investigations being undertaken.  
Well installation technology is continually improving.  One of the best resources for 
deciding on the feasibility of a specific well design is an experienced drilling contractor.  
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Often an experienced contractor can make helpful suggestions on modifications to a 
design that will improve the quality of well installation.   
 
4.1-4.1  Compilation of Available Background Data 
 
Prior to designing a monitoring well network all pertinent available information should be 
compiled and reviewed to understand the potential sources of contamination, the 
characteristics of all potential contaminants, and the geologic and hydrogeologic 
characteristics of the site.  This background data may range from a limited quantity of 
published information about regional geology to detailed reports from previous phases of 
a site investigation.  Typical sources of basic information include:   
 
o Topographic maps. 
o Previous investigative reports. 
o United States Geological Survey (USGS) studies and reports. 
o Graduate theses from local colleges and universities. 
o Local well drillers. 
 
o Soil maps published by the U.S. Soil Conservation Service.   
 
Additional site-specific information should be compiled if available.  This detailed record 
search may provide additional data on the site history, the nature of any contaminants at 
the site, man-made features that might affect ground water movement or contaminant 
migration, potential location of contaminant sources, and detailed information on site 
geology.  For a more comprehensive discussion of the available resources see Section 
2.1, Reconnaissance Investigations.  This information might include any or all of the 
following:   
 
o Recent and historical aerial photos. 
o Previous engineering, geotechnical and hydrologic reports. 
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o Regulatory files: 
 
 - Local:  Board of Health records; Conservation Commission files; Fire 
Department records of underground tank installations; insurance 
maps; assessor's maps 
 
 - State:  Department of Environmental Protection (DEP); Department of 
Public Health (DPH); Mass. Water Resources Authority (MWRA); 
Department of Public Works (DPW) 
 
 - Federal: Environmental Protection Agency (EPA) 
 
o Insurance maps. 
o Company inventory files. 
o Interviews with owners/employees/operators. 
 
 
4.1-4.2  Well Locations 
 
Choosing well locations can be a difficult task.  The best-laid plans in the office can fall 
apart once unforeseen field conditions arise.  The key to designing a well network lies in 
the development of a "conceptual model" and the ability to refine that model as field 
information becomes available.  Subsurface investigations can be compared to drilling 
through the roof of a house and trying to determine where one is and the number of 
rooms and floors.  If one has a conceptual model(s) to work with (i.e. ranch, colonial or 
triple-decker) the number of wells can often be kept to a minimum. 
 
4.1-4.2.1  Horizontal Spacing 
 
The horizontal spacing of monitoring wells can only be determined on a site-specific 
basis.  The size of the site, scale of the problem, the site layout, contaminant sources, 
geologic and hydrogeologic conditions, and potential receptors are all factors to be 
considered when deciding on the horizontal spacing of the wells.  In general, the more 
complex the site conditions, the closer the spacing should be between wells.   
 
In contamination investigations the horizontal spacing will ultimately define the areal 
extent of the plume by means of contaminated and uncontaminated wells.  A 
combination of possible sources and the characteristics of site-specific contamination, 
along with the hydrogeologic conditions of the site (i.e. conceptual model), will indicate 
areas where contamination is most likely to be found.   
 
Monitoring wells can be grouped into two categories: upgradient and downgradient.   
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 (a)  Upgradient Wells 
 
 The purpose of an upgradient well is to establish background ground water 
quality conditions within the aquifer.  Upgradient wells should be screened at an 
interval which is hydraulically higher than, and which intersects the ground water 
flow path passing through, the point or zone within the aquifer of concern.  
Conditions may exist, either geologic or man-made, which make it impossible to 
install a well directly upgradient of a suspected source.  For example, the source 
may be located adjacent to a local ground water divide or to a building.  Such 
cases may require upgradient wells to be located hydraulically higher than, but 
laterally crossgradient from, the source area.  This situation usually requires the 
installation of more than one upgradient well.  Property lines do not qualify as a 
man-made condition unless access has been requested and refused.   
 
 In addition, an upgradient well must be located at a point unaffected by 
contamination migrating from the suspected source.  To insure that this criterion 
is met, consideration must be given to effects such as ground water mounding 
and migration pathways within the unsaturated zone (i.e., perched zones, high 
hydraulic conductivity layers, etc.).   
 
 If more than one zone within an aquifer or more than one aquifer is 
contaminated, then the number of upgradient wells must be adequate to monitor 
each stratigraphic zone.  In the course of an investigation, it may be found that 
the upgradient well of one source becomes the downgradient well for another.  If 
more than one source exists, it will be necessary to install several upgradient 
wells.  Ultimately one must be confident that the location of the background 
well(s) is upgradient of the source or area of concern.  
 
 (b)  Downgradient Wells  
 
 Downgradient wells, as the name implies, are located hydraulically 
"downgradient" with respect to a particular point, area, or zone within an aquifer. 
They are located in the "down" or lower direction with respect to the slope of the 
potentiometric surface.  "Down" also is more clearly shown on cross-sections 
showing the potentiometric water surface.  Downgradient wells should be placed 
in areas where the ground water flows through and from a source of 
contamination.  In contaminant investigations, downgradient wells are used to 
define the extent of the plume and to track its migration.  The three-dimensional 
nature of ground water flow requires a sufficient number of wells be located 
within and outside a plume of contamination to define it both vertically and 
horizontally.  A review of the hydrogeologic conditions observed in the field, in 
addition to field screening and visual observations of soil, may provide useful 
information in developing a conceptual model to help select downgradient well 
locations.  Zones and areas of preferential flow (i.e., strata with relatively high 
hydraulic conductivity, fractures, faults, solution channels, utility trenches, and 
underdrains) should be monitored.  Again, it is important that the monitoring well 
be screened in the same stratigraphic zone(s) or flow path(s) where 
contamination is suspected or has been detected.   
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4.1-4.2.2  Vertical Spacing 
 
The depth and screened interval of monitoring wells is just as important as the horizontal 
spacing.  In some situations (i.e., recharge and discharges zones) vertical gradients may 
be more pronounced than horizontal gradients and may exert the most significant 
influence on dissolved contaminant movement.  The determination of vertical gradients 
requires the installation of multi-level wells with short screen lengths.  If the bedrock is 
highly fractured, it may be appropriate to install wells in the bedrock to determine the 
direction of ground water flow between the rock and overlying unconsolidated deposits.  
The nature of the contaminants themselves should be considered to determine the verti-
cal placement of screened intervals.  For example, if the contaminants of concern are 
"floaters" it would be appropriate to monitor the upper zone of the aquifer across the 
water table.  Where the contaminants are "sinkers," and a release of product is 
suspected, well clusters or multi-level systems may be required to determine the specific 
depth of contamination within the aquifer.  Well screens may be placed at or slightly 
above an impervious boundary such as a till or bedrock interface to look for pooling of 
"sinking" contaminants.  In practice this is extremely difficult to do because of the 
irregularities of these interfaces.  Often the presence of a DNAPL is inferred by 
comparing the solubility of the contaminant with its dissolved concentration in the ground 
water. Dissolved values of 20% to 40% of the solubility may indicate the presence of a 
DNAPL pool.  The importance of placing the screened interval in the appropriate 
stratigraphic zone(s) has already been emphasized in the section on horizontal spacing.    
 
4.1-4.3  Selection of Well Type 
 
Once the site characteristics are understood, well types can be selected based on the 
intended application and the duration of the monitoring program.  A discussion of the 
various types of wells installed in site investigations is presented below.  In addition to 
the type of well, several other factors must be considered.  These include drilling meth-
ods, subsurface sampling techniques, well construction materials, installation 
procedures, casing materials, filter packs, seals, security, and sampling methods.  
Procedures for selecting well construction materials and methods of installing wells are 
discussed in Sections 4.2 and 4.3, respectively.   
 
There are several types of wells that may be installed. For the purposes of this section 
the wells will be described as piezometers, observation wells, and monitoring wells.  
Figure 4.1-6 illustrates various well types.   
 
The selection of the type of well to be installed should be based on the purpose of the 
well (i.e., water level measurements, permeability testing, or ground water quality 
sampling).   
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4.1-4.3.1  Piezometers 
 
A piezometer is a well with a short screen length isolated in a specific zone within an 
aquifer; it measures the average potentiometric head over the short length of the screen.  
They may be drilled or driven to the desired depth and may or may not have divider 
seals at the top of the screen.  Driven piezometers should not be used if there is a 
concern for cross contamination at the site. Piezometers usually have small diameters 
and are not designed for the collection of quantitative ground water samples. 
Piezometers should be installed when the purpose is limited to obtaining water level 
measurements and/or obtaining qualitative ground water quality data.  Piezometers are 
effective at all stages of a site investigation to characterize ground water flow conditions 
and to determine horizontal and vertical hydraulic gradients.  They are especially useful 
in the initial stages where characterizing the aquifer conditions will allow more accurate 
placement of monitoring wells.  A piezometer can be constructed of small diameter 
(generally 3/4-inch to 1.5-inch I.D.) metal or PVC pipe having a terminus that is open, a 
screened well point, or a porous ceramic tip.  Piezometer clusters provide useful 
information about horizontal and vertical hydraulic heads.   
 
o Advantages 
 
 Lower cost for installation than the larger diameter monitoring 
wells.   
 
o Disadvantages 
 
Generally not designed to allow for ground water (environmental) sampling. 
The diameter of the well is too small to allow some sampling tools to be 
used.  
 
4.1-4.3.2  Observation Wells 
 
The term observation well refers to a small diameter well with a long screen designed 
and installed to measure the average water level; it is not designed or constructed for 
sampling purposes.  Observation wells are appropriate for installation in the saturated 
zone when the primary purpose is to obtain water level information.  They should not be 
used at contaminated sites where water quality samples will be needed.  The term 
observation well is often associated with wells installed and/or used during pump tests to 
monitor the aquifer's response to pumping.   
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o Advantages 
 
 Relatively inexpensive method to obtaining general information about 
aquifer characteristics such as depth to the water table, in-situ 
permeability testing, and the aquifer's response to pumping.  
 
o Disadvantages 
 
 If there are large vertical gradients within the saturated zone an observation well will 
yield average conditions, potentially resulting in erroneous readings and a 
misinterpretation of the potentiometric conditions.  Not suitable for quantitative 
chemical ground water sampling.   
 
4.1-4.3.3  Monitoring Wells 
 
The term monitoring well is used to describe a large diameter (a recommended minimum 
of 2.0 inch ID or larger) well which is used for obtaining representative samples of the 
ground water, water-level data, and conducting in-situ permeability tests. In selecting the 
most appropriate monitoring program, one must decide whether a single well or a multi-
level well is appropriate.  Because ground water problems are three-dimensional, it is 
always necessary to have some multi-level wells to define the top and the bottom of the 
zone of contamination.  The factors determining the type of well to be selected include 
the site geology and hydrogeology, contaminant characteristics, well casing material, 
and the number, location and design of any existing monitoring wells.   
 
 (a)  Single Standpipe Wells 
 
 Single monitoring wells should be selected when the purpose is to monitor one specific 
zone within an aquifer (depth specific) or to monitor a large area within an 
aquifer (depth integrated).  
 
 (1)  Depth-specific Wells   A depth-specific monitoring well uses a short 
screen length (not longer than 5 to 10 feet) to monitor a distinct zone 
within the aquifer.  For instance, if the objective is to detect and sample 
contaminants that are less dense than water, a single well with screen 
straddling the water table would be appropriate.  Situations where single 
wells are sufficient are: 
 
o Thin saturated thickness of upper aquifer. 
 
o Homogeneous geology in upper aquifer. 
 
o Monitoring for single or similar type of contaminants.   
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o Where no vertical zones gradients have been found to be present.   
 
o Advantages 
 
   Allows determination of actual contaminant concentrations at a 
specific depth in an aquifer.  
 
o Disadvantages 
 
Monitoring at a discrete level may not detect contamination at a different level 
within an aquifer.  
 
 (2)  Depth-integrated Wells   A depth-integrated monitoring well uses a long 
screen length (>10 feet) to monitor a larger portion of an aquifer.  Site conditions 
dictate where this type of well would be appropriate:   
 
o Aquifers with relatively low permeability. 
 
o Aquifers with widely fluctuating water tables. 
o Situations where separate phase liquids are not being monitored.  
 
o Advantages 
 
 Enables sufficient flow of water into a well to allow for sampling in 
aquifers with low permeability. 
 
 Enables sampling for contaminants that are less dense than water 
in aquifers with widely fluctuating water tables. 
 
o Disadvantages 
 
 Longer screened zones may dilute samples by allowing large 
volumes of uncontaminated water to mix with relatively small 
zones of contamination. This could result in lowering the 
concentration of contamination detected, effectively diluting the 
sample to concentrations below laboratory detection limits.   
 
 There is a potential for migration of contamination from one depth 
to another via the long well screen.   
 
 Due to the disadvantages inherent in depth-integrated wells, DEP 
generally does not recommend their use except during the 
exploratory or preliminary phase of a hydrogeologic investigation 
at a contaminated site.   
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(b)  Multi-level Wells 
 
Multi-level monitoring wells should be installed when the purpose is to monitor more than 
one level within an aquifer, more than one aquifer or multiple bedrock fracture zones.  
They are useful in delineating the vertical distribution of contamination within a single 
aquifer, as well as providing information on vertical head gradients.  Included in this 
category are stacked or nested wells, well clusters, and specialized well systems such 
as Waterloo, Westbay and Barcad wells.   
 
 (1)    Stacked Wells (Well Nest)   A stacked or nested well consists of several 
piezometers or monitoring wells installed in a single borehole.  The screens are 
set at different depths and are separated by seals.   
  
o Advantages 
 
 Economical - only one borehole is necessary for several wells  
 
o Disadvantages 
 
 The major problem with this type of system is the questionable 
integrity of the seals between screened intervals.  As the number of 
standpipes per borehole increases it becomes increasingly difficult to 
effectively seal off the previously placed screens.  The result may be 
migration of ground water contamination from one zone to another 
zone.   
 
 The integrity of the seals should be tested by pumping one well at the 
nest and looking for no effect in the other well(s) of that nest.   
 
 Well installation is difficult due to the limited annular space between 
the borehole wall and the standpipes.  Bridging of sand pack and/or 
bentonite seals may occur.   
 
  (2)    Well Cluster   A well cluster or multiple set is a group of single wells, each 
installed at different levels in separate boreholes.  Compared to the stacked well 
system this system more effectively seals the wells at discrete zones within the 
aquifer.  The effectiveness of this monitoring system depends on the integrity of 
the annular seals.   
 
o Advantages 
 
 Allows for monitoring of several vertical zones within the saturated 
thickness while maintaining the integrity of discrete zones  
 
 Allows for determinations of potentiometric water levels at discrete 
depths (vertical gradients) 
 
o Disadvantages 
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 Increases the amount of drilling and well installation time and 
consequently these systems become more costly to install.   
 
  (3)   Specialized Well Systems:  Waterloo, Westbay, and Barcad.  Specialized 
well systems, such as the Waterloo, Westbay and Barcad systems, consist of 
multi-level monitoring wells installed in a single borehole.  They can be installed 
in both unconsolidated or bedrock aquifers.  The Waterloo and Westbay system 
are constructed with specially designed seals or packers that, if installed properly 
and under the right conditions, provide an effective seal between zones in a 
borehole.  Following is a brief description of each type of system: 
 
o Waterloo 
 
 The Waterloo monitoring system consists of a bundle of dedicated 
small diameter sampling tubes that are installed at various depths in 
the borehole through a common standpipe (see Figure 4.1-7).  The 
tubes are open at the bottom and each zone is sealed by a water-
activated material that forms the packer.  Ground water samples are 
collected with a gas-driven sampling device.   
 
o Westbay 
 
 The Westbay well system consists of a multi-port system attached to 
a central standpipe. Each monitoring zone is separated by a packer. 
The packers are inflated by injecting them with water.  The actual 
monitoring zone consists of the annular space between the borehole 
wall and the central standpipe in between packers (Figure 4.1-8).  
Specialized tools are required to measure water levels and sample 
Westbay wells.   
  
o Barcad Systems 
 
 The Barcad system utilizes gas driven samplers and tubes positioned 
at selected depths in a single borehole (Figure 4.1-9).  The samplers 
are connected to the surface by a gas drive tube through which a 
sample is collected (Figure 4.1-10).  The samplers are isolated by 
bentonite seals.  Although the system is similar to the stacked 
standpipe system, the relatively small diameter tubes allow a more 
effective seal to be installed between monitoring zones.   
 
o Advantages 
 
 Allows for installation of a multi-level well in a single borehole; 
minimizing drilling and well installation time and costs.  
 
 Allows for determination of potentiometric levels at discrete depths 
within aquifer 
 
 Smaller inside diameters reduce the need for purging large volumes 
of water prior to sampling 
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o Disadvantages 
 
 In most cases systems require specialized equipment and a trained 
field technician for sampling.   
 
 Packers on the Waterloo system are self inflating (water-activated).  
May be a problem when installing in deep (greater than 300 feet) 
boreholes.   
 
 Small tubes in the Barcad- and Waterloo-type systems may become 
damaged or crimped during installation.  Also, water levels may be 
difficult to measure due to the small diameter of the tubing.   
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SECTION 4.2 
SELECTION OF WELL CONSTRUCTION MATERIALS 
 
 
4.2-1  PURPOSE 
 
The purpose of this Standard Reference (SR) is to provide guidance for selecting the 
most economical and chemically inert monitoring well construction materials.  While 
there are many similarities with the process of selecting materials for water wells, there 
are also major differences that may be significant, especially in a highly contaminated 
environment.  Monitoring well casing and well construction materials should be selected 
to meet the following criteria:   
 
o The materials should be resistant to deterioration resulting from long-term 
exposure to natural or synthetic chemical constituents in the ground water at the 
site.   
 
o The materials must have sufficient strength to ensure the structural integrity of 
the well during installation and long-term monitoring.   
 
o The materials should be selected to minimize their interference with the 
measurement of specific chemical parameters expected to be found at a site.   
 
o The casing diameter should be large enough to accommodate commercially 
available down-hole instrumentation or sampling equipment (e.g., oil/water 
interface probe), but also small enough to minimize the volume of water to be 
purged from the well.   
 
o The well casing should be watertight.   
 
o The well must be able to be secured against vandalism, leakage, and inadvertent 
damage.   
 
o The screen and filter pack must be appropriately sized to provide representative 
data on hydraulic conductivity and ground water quality.    
 
This section provides guidance for the selection of materials commonly used in 
monitoring well installations, and discusses the advantages and disadvantages of each. 
Figure 4.2-1 depicts the basic materials comprising a monitoring well:  casing or riser, 
screen, filter pack, seals, and protective casing.  The selection of well construction 
materials should be site-specific.  Proper selection requires consideration of the project 
objectives, compliance with regulatory requirements, available data about the site 
geology, water chemistry, and the project budget.  Section 4.1 Network Design 
describes important considerations for designing a good monitoring well.  Well 
installation procedures are discussed in Section 4.3, and Section 4.4 discusses the 
minimum requirements for As-built Notes and Records of monitoring wells. New well 
materials, filter packs and sealants are continually being developed.  Individuals involved 
in well design and installation should be aware of recent developments in monitoring well 
technology.   
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Ground Water Monitoring Review, a quarterly publication of the National Water Well 
Association, is a useful source of innovative and improved monitoring techniques.  
Another valuable source of information on the availability and feasibility of using various 
well materials is a drilling contractor experienced in monitoring well installation.  
Experienced drilling contractors are capable of providing insight into the compatibility of 
various well construction materials with a particular drilling technique, as well as 
information on the amount of time an installation may require, and potential problems 
that particular materials may present during installation.   
 
4.2-2  CASING MATERIALS 
 
The casing, or riser, is the part of the well that extends from the top of the well screen to 
the ground surface (see Figure 4.2-1).  When selecting well casing and screens, both 
the composition and diameter must be taken into consideration.   
 
4.2-2.1  Composition 
 
There are a number of commercially available well casing materials.  The advantages 
and disadvantages of only a few of the most commonly used materials are described 
below.  It is possible to combine different materials as long as they are compatible.  
There is considerable debate over the significance of the adsorption and desorption 
potential of many well casing materials.  However, adequate purging of the well prior to 
sampling reduces or eliminates the potential for this to have a significant impact on 
sample chemistry.  If in doubt about the suitability of a particular casing for a ground 
water problem, it is advisable to consult chemical compatibility charts or the manufac-
turer for additional information.  The significance of the adsorption-desorption problem 
must be evaluated based on the monitoring well program objectives, sampling and 
analytical requirements, and the concentrations one is trying to measure.   
 
4.2-2.1.1  Polyvinyl Chloride (PVC) 
 
Polyvinyl chloride (PVC) is the most common well casing material used in monitoring 
well construction.  PVC is thermoplastically molded casing composed of a rigid, 
unplasticized polymer.  PVC casing offers a combination of chemical resistance, dura-
bility, availability, and low cost.  There is considerable debate over the reaction of PVC 
well casing with some ketones, aldehydes, and chlorinated solvents.  In some cases, 
PVC has been shown to adsorb and desorb low levels of organic compounds.   
 
Flush-threaded or coupled PVC casing should be used for monitoring well construction. 
If flush-threaded casing is used, ASTM specified thread specifications should be used. 
Under NO circumstances should solvent cement be used to join casing sections 
together.  PVC solvent cements have been shown to contribute significant quantities of 
organic contaminants to water samples collected from cemented PVC wells.  Generally, 
flush-threaded casing is preferred due to the ease of installation and because, if properly 
joined, it provides a water-tight seal.   
 
For all monitoring well applications where PVC is selected, only PVC well casing listed 
with the National Sanitation Foundation (NSF) should be used.  These products are 
essentially free of readily leachable plasticizers and do not exceed the National Interim 
Primary Drinking Water Standards in leach tests.   
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 Advantages 
 
o Excellent chemical resistance to weak alkalis, alcohols, aliphatic 
hydrocarbons, and oil and grease.   
 
o Good chemical resistance to strong mineral acids, strong oxidizing acids, and 
strong alkalis.   
 
o Readily available.   
 
o Lightweight. 
 
o Inexpensive. 
 
o Two wall thicknesses commonly available (Schedule 40 and 80) provide a 
choice of strengths. 
 
 Disadvantages 
 
o May adsorb and desorb low levels of some organic constituents from the 
ground water.  This may not be a problem if the well is adequately purged 
prior to sampling.   
 
o Poor chemical resistance to concentrated ketones, esters, and some 
aromatic hydrocarbons.   
 
o Weaker, less rigid, and more temperature-sensitive than metallic casing 
materials.   
 
4.2-2.1.2  Stainless Steel 
 
Stainless steel provides an excellent casing material where corrosion resistance and 
strength are important.  The strength provided by stainless steel may be essential when 
installing wells in deep boreholes (over 300 feet deep) due to the potential for other 
casing materials with lower strengths to collapse.  Stainless steel is resistant to most 
chemicals and is suitable for monitoring many types of contaminants.  Long periods of 
exposure to highly corrosive ground water conditions may result in leaching of chromium 
or nickel from stainless steel well casing.  Therefore, if the pH of the ground water is low 
(4 or less), stainless steel is not recommended for long-term monitoring of inorganic 
constituents.  Stainless steel is available in a variety of types, each with a slightly 
different composition.  The basic composition and suggested applications for various 
types of stainless steel and other metals for well casing and screens is presented in 
Table 4.2-1.  As with PVC, stainless steel casing should have threaded, flush joints to 
assure watertight connections.   
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 Advantages 
 
o Excellent resistance to corrosion and oxidation; will not adsorb or desorb 
organic contaminants.   
 
o High strength, rigidity.   
 
o Suitable for wide range of temperatures.   
 
o Readily available.   
 
 Disadvantages 
 
o Susceptible to galvanic and electrochemical corrosion.   
o Heavy; may require additional equipment to lower down borehole.   
o May leach chromium and/or nickel in acidic waters.   
o Moderate to high cost.   
 
4.2-2.1.3  Teflon 
 
Teflon is a fluorocarbon polymer developed by Dupont.  Teflon displays a high 
resistance to chemical attack, reportedly low adsorption of chemicals, and low leaching 
of the casing compounds.  Most Teflon materials available for monitoring well 
applications have been manufactured specifically for ground water monitoring 
applications.   
 
 Advantages 
 
o High resistance to chemical attack.   
o Very limited adsorption capacity.   
o Low potential for leaching.   
o Lightweight.   
 
 Disadvantages 
 
o Low tensile strength and rigidity.   
o Tendency towards excessive slippage during installation.   
o Limited availability.   
o In deep installations slots in screen may close under the weight of the riser.   
o Comparatively high cost.   
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4.2-2.2  Size 
 
The size of the well casing, both the wall thickness and the inside diameter (ID) of the 
pipe, is a consideration when selecting well construction materials.  The wall thickness 
determines the strength of the casing material, and the inside diameter must provide 
enough room for downhole instrumentation.  The thicker the casing, the stronger the 
pipe.  Pipe or casing thickness is described in various "schedules."  For PVC monitoring 
well applications, Schedule 40 and Schedule 80 are commonly used.  Schedule 80 is 
thicker and stronger than Schedule 40.  Metal casing materials also come in various wall 
thickness, or schedules.   
 
Monitoring well casing materials are available in 3/4-, 1-1/2-, 2-, 4- and 6-inch ID sizes.  
With the exception of specialized installations such as Barcads, Westbay, and others, a 
minimum inside diameter of 2 inches is recommended by DEP for all standard 
monitoring well installations.  This minimum diameter does not apply to piezometers, 
which are only to be used for water-level measurements or qualitative sample analysis. 
Two-inch ID wells will accommodate most commercially available sampling pumps, 
bailers, and transducers.  In some applications larger diameter wells may be desirable 
so that standard pumps and skimmer systems can be used. It should be noted that large 
diameter wells (4-inch and greater) may require substantially longer purging time before 
a sample can be collected and will produce large volumes of purge water.  The volume 
per linear foot of casing is directly proportional to the square of the casing diameter.  
Table 4.2-2 shows the volume of water contained in casings or holes of various 
diameters.   
 
The selection of the size of the well casing will also influence the size of the borehole 
needed for proper installation of the well screen and casing, and the quantity of filter 
pack and seal needed.  As described in Section 4.3 Installation of Wells, ideally the 
diameter of the borehole should be at least 4 inches greater than the outside diameter of 
the well screen and the riser pipe.   
 
4.2-3  WELL SCREEN SELECTION 
 
A well screen is a filtering device that serves as the intake portion of wells constructed in 
unconsolidated or semiconsolidated aquifers.  The screen provides a hydraulic 
connection to the saturated aquifer so that representative water level and chemical data 
can be obtained.  It permits water to enter the well from the saturated aquifer, prevents 
sediments from entering the well, and serves to structurally support the unconsolidated 
aquifer material.  The considerations of composition, resistance to corrosion, sufficient 
column and collapse strength, and inside diameter for well-screens are the same as for 
well casings; however, the strength of the screened section is less than that of the riser 
sections due to the openings.  Additional screen criteria and functions that should be 
considered are slot size (i.e., percentage of open area) and style (i.e., non-clogging 
slots).   
                                                   Section 4.2 
Page 6 
January 1991  
 
 
 
4.2-3.1  Slot-size 
 
Well screens are categorized based on the width of the openings in thousandths of an 
inch.  No. 10 slot, for example, represents an opening of 0.010 inch.  Generally a 10-slot 
or 20-slot (0.010- or 0.020-inch, respectively) screen is appropriate for monitoring wells 
where low pumping rates are used.  Obviously, it is important that the filter pack around 
the screens be larger than the screen slots to prevent infiltration of the pack during 
purging and sampling.  Slot-size selection is also important if the well is to be used for 
field permeability tests in coarse-grained materials where a small slot size might have a 
lower hydraulic conductivity than the native soils.  Also, in situations where highly 
viscous materials (i.e., heavy oils or creosote) are being monitored, a large slot size is 
preferred to avoid inhibiting flow through the screen.  The spacing of the slots may be 
varied also, if desired.   
 
4.2-3.2  Style 
 
Two types of standard well screens are commercially available for monitoring well 
construction: slotted pipe and wire wound continuous slot (see Figure 4.2-2).  Hand-cut 
or hand-slotted screens are not sufficiently uniform to produce a satisfactory well screen; 
they should never be used for monitoring wells.   
 
4.2-3.2.1  Slotted Pipe 
 
Slotted pipe consists of standard well casing that has been machine perforated with 
parallel rows of slots.  The size, frequency and configuration of the slots will vary with the 
application and manufacturer.  In general, slotted screens have approximately 5 to 
10 percent open area.  Table 4.2-3 shows the total slot area of screens of various 
gauges in square inches per foot.   
 
 Advantages 
 
o Machine-manufactured - good slot size control.   
o Readily available.   
o Inexpensive.   
 
 Disadvantages 
 
o Limited open area; this may inhibit efficient well development.   
o Prone to clogging by fines.   
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4.2-3.2.2  Wire-wound, Continuous Slot Pipe 
 
Wire-wound, continuous slot screens provide a larger open area than slotted screens, 
typically twice as much.  Wire-wound screens consist of triangular-shaped, continuously 
wound wire connected by vertical bars.  The V-shaped openings are wider on the inside 
than the outside, reducing the likelihood of clogging by formation materials.   
 
 Advantages 
 
o Good slot control; wide range of sizes available.   
 
o Larger percentage of open area than slotted screens.   
 
o Large open area allows fluid to enter at a low velocity, reducing the turbidity 
of sample.   
 
o Less susceptible than slotted pipe to plugging due to V-shaped slots.   
 
 Disadvantages 
 
o More expensive than screens made of slotted pipe.   
 
PVC-wound screen is commercially available and has the same advantages as the wire-
wound screen.   This product is not generally recommended because it is more 
expensive than the slotted PVC pipe and has a low collapse strength.   
 
 
 
4.2-3.3  Sediment Sump 
 
In formations of fine sand, silt, or clay it may be difficult to completely prevent the 
migration of fines through the filter pack and screen.  Where suspended fines are a 
problem, the monitoring well can be constructed with a sediment sump below the 
screened zone to collect the fines.  An example of a sediment sump is shown in 
Figure 4.2-3.  If a sediment sump is employed, one must be careful that the accumulated 
fines are not disturbed and suspended during purging or sample collection.  If a 
submersible pump is used, it should be placed a substantial distance above the sump to 
avoid becoming clogged by fines that have collected in the sump.   
 
4.2-4  FILTER PACK 
 
A filter pack around the screen helps to reduce the movement into the screen of fine-
grained materials that could potentially clog the screen and inhibit water movement.  In 
addition, the filter pack provides support around the well screen to prevent the formation 
materials from collapsing around the screen.  An effective filter pack provides a zone of 
high hydraulic conductivity around the screen and reduces the infiltration of fines.  The 
filter pack must be chemically inert; otherwise, it may affect the chemistry of the ground 
water as it passes through the pack and into the well.   
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When monitoring wells are installed in formations with a wide range of particle sizes, 
effective filtration can be difficult.  Filter packing procedures recommended for water 
wells are not suitable for monitoring wells, unless the hydraulic characteristics of the 
formation materials are similar to those of an aquifer (i.e., thick deposits of coarse sand 
and fine to medium gravel).  To exclude the entrance of fine silts, sands, and clays into a 
monitoring well, the grain-size distribution curve for the filter pack ideally is selected by 
multiplying the 50-percent retained size of the finest formation sample by 2.  This 
approach may not be practical in fine-grained materials (i.e., silts and clays).  This leads 
to a more conservatively sized filter pack than would be selected for a water supply well.  
Uniformity coefficients should range from 2 to 3 (Driscoll, 1986).   
 
All filter pack material should be purchased from reputable suppliers who have properly 
cleaned and bagged the material.  The importance of the cleanliness of the filter pack 
should be emphasized.  Typically, washed sand or silica sand is used for filter packs 
around monitoring well screens.  In some uniform, coarse-grained formations the native 
soil materials are allowed to collapse around the screen, providing a suitable, natural 
filter pack.  According to Gass (1988), monitoring wells should be filter-packed under the 
following circumstances:   
 
o When there is more than 10 to 15 percent clay-/or silt-sized particles in the 
formation.   
 
o When the well is completed in a formation consisting of relatively fine uniform 
sand.   
 
o When the physical characteristics of the formation in the screened zone are 
highly variable.   
 
o When the formation is composed of friable or fractured rock, which allows 
sand, silt or clay to enter the well.   
 
o When the formation is not an aquifer.   
 
The amount of filter pack ordered should be sufficient to enable the filter pack to be as 
thick as practical, particularly in low permeability soils.  Oversized borehole diameters 
are recommended for monitoring wells screened in silt and clay soils to accommodate a 
large volume of filter pack.  Two types of filter packs are discussed below.   
 
4.2-4.1  Washed Sand 
 
Washed sand typically consists of concrete or mortar sand that has had only the fine 
particles removed by washing and screening.  Washed sand is usually available in 
different size ranges.  This material is generally available in bulk quantities.  The quality 
assurance and control of this type of material should be reviewed.  Lack of QA/QC is  
often a limiting factor for use as a monitoring well filter sand.  A representative sample 
should be collected during drilling for analysis at a later date should concerns arise over 
the quality of the material.  
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Advantages 
 
o Inexpensive.   
o Wider range of grain sizes than silica sand  
o Readily available.   
 
Disadvantages 
 
o Chemical composition and reaction with ground water usually not known.   
 
o In deep boreholes particle-size segregation may occur during free-fall 
installation.  Proper installation may require emplacement with a tremie pipe.   
o Lack of QA/QC for this source.   
 
4.2-4.2  Uniformly-graded Silica Sand 
 
Uniformly graded silica sand is manufactured by crushing quartzite into small particles.  
It is manufactured for sandblasting and can be purchased in bags.  It is available in a 
variety of grain-sizes, but it is usually more uniform in size than washed sand.  Its 
angularity is greater than that found in most washed sands.  Ottawa sand is a brand 
name for silica sand that comes from Ottawa, Illinois.  Ottawa sand is more rounded and 
spherical than other silica sand products.  It is frequently specified for monitoring well 
installations, but it is much more expensive than locally manufactured silica sand with 
the same specifications.  These products generally have acceptable QA/QC for use as a 
filter sand for monitoring wells.   
 
Advantages 
 
o Composition is essentially pure silica; as such, it is chemically inert.   
o Generally has acceptable QA/QC.   
 
o Readily available in bags.   
o Easy to install.   
 
Disadvantages 
 
o More expensive than washed sand.   
 
o Fine-grained silica sand sizes may be slow to settle; may increase installation 
time or require installation by tremie pipe.   
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4.2-5  SEALS 
 
An effective monitoring well seal prevents the vertical movement of ground water within 
the borehole and should not interfere with the water chemistry of the aquifer.  The 
purpose of installing a monitoring well seal is to:   
 
o Seal off and isolate a specific section of an aquifer to obtain information on the 
hydrogeologic and chemical characteristics at that location.   
 
o Prevent migration of fluids from the ground surface into the borehole.   
 
o Prevent contaminant movement from one section of an aquifer to another or 
between aquifers, especially to make sure that contaminated ground water does 
not enter contaminant-free geologic formations.   
 
o Provide support for the well casing and prevent collapse of the borehole walls.   
 
There are four types of seals used in monitoring well installations:  surface seals, divider 
seals, bedrock seals, and annular seals.   
 
4.2-5.1  Surface Seal (Apron) 
 
A concrete seal around the top of the well is recommended even if the annular seal is 
carried to the surface.  This concrete apron or seal should be shaped so that surface 
water flows away from the casing.  Bentonite is not an acceptable material for surface 
seals because it will dehydrate and crack resulting in poor sealing properties.  Based on 
the average depth of frost penetration in Massachusetts the surface seal should, if 
possible, extend a minimum of four feet below ground to prevent frost-heaving of the 
apron.   
 
4.2-5.2  Divider Seal 
 
A divider seal consists of a layer of bentonite slurry or pellets designed to prevent the 
liquid grout seal from plugging up the filter pack.  This seal should be placed above the 
filter pack and below the annular seal.  The minimum acceptable thickness is 6 inches; 
the recommended thickness is 2 feet.   
 
 
4.2-5.3  Bedrock Seal 
 
All open bedrock monitoring wells should be grouted, sealing the casing into the rock.  A 
special exception to this rule is the case where the bedrock interface itself is being 
monitored.   
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4.2-5.4  Annular Seal 
 
Annular seals are placed in the annular space above the divider seal to plug up the open 
space between the well casing and the borehole wall.  It is extremely important that this 
seal consists of a low permeability material that will serve to inhibit the vertical 
movement of fluids within the borehole.  If the well casing is in direct contact with the 
borehole wall it will not be possible to install an annular seal.  A tight fit between the well 
casing and the borehole wall should serve to prevent the vertical movement of fluids 
along the outer wall of the casing.  In certain specialized installations, such as Barcads, 
the annular seal consists of a 2-foot thick layer of bentonite pellets placed above and 
below the porous Barcad sampler.  The importance of the annular seal becomes 
extremely significant when the well owner is ready to decommission the monitoring well.  
If the well owner can demonstrate that the monitoring well was properly sealed originally, 
decommissioning will be a much simpler and less costly procedure (see Section 4.6 Well 
Decommissioning).  An annular seal is generally composed of one or a combination of 
the following sealants:  neat cement, bentonite/cement slurries, or equivalent sealing 
agents.   
 
4.2-6  SEALING MATERIALS 
 
There are several types of sealants available for monitoring well installations.  The 
selection of a well sealing material will depend on the depth of application, the chemistry 
of the water, the well casing material, and the purpose of the well program.  Well 
sealants can be divided into two basic categories: solid sealants and grout sealants.  
These sealants are described below.   
 
 
4.2-6.1  Solid Well Sealants 
 
These materials are installed in a well bore in a solid form.  Solid sealants are usually 
applied as divider seals between the filter pack and the annular seal or as the only seal 
in specialized installations.   
 
4.2-6.1.1  Bentonite Pellets 
 
Bentonite pellets consist of pre-formed pellets, usually ¼- to ½-inch in diameter; they are 
made from compressed sodium bentonite clay.  When the pellets are hydrated with 
clean water, they swell to about 10 to 15 times their original volume.  Because they 
hydrate rapidly, the pellets are prone to stick between the borehole wall and well casing 
(i.e. bridge) before reaching the bottom if they are manually dropped down the annular 
space.   
 
 Advantages 
 
o Readily available.   
o Provide a solid seal that can be immediately measured during installation.   
 
 Disadvantages 
 
o Tendency to stick can make them difficult to install.   
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o Installation can be slow in deep borings.   
 
4.2-6.1.2  Coarse-grade Bentonite Chips 
 
Coarse-grade bentonite consists of large chips of bentonite, usually 3/8- to 1-inch in 
size, resembling pea stone in appearance.  Similar to bentonite pellets, bentonite chips 
will hydrate and expand when exposed to clean water.  They are primarily intended for 
borehole decommissioning purposes but have been used as divider seals and shallow 
annular seals in monitoring wells.  Due to their coarse grain-size, this material has 
limited use in monitoring well installations.  Chips are not suitable for installation in small 
diameter holes because bridging may occur.  Prior to installation, the chips should be 
sifted to remove the fines since, if the fines are not removed, they will clump as they hit 
the water and increase the chance of bridging (Gaber and Fisher, 1988).   
 
 Advantages 
 
o Provides a solid seal; its position can be verified by measurement 
immediately after installation.   
 
o Inexpensive.   
 
o Simple to install.   
  
 Disadvantages 
 
o Not suitable for small diameter boreholes.   
o Needs to be sorted.   
o Prone to bridging.   
o Relatively new product; further field testing needed.   
 
4.2-6.2  Grout Seals 
 
Grout is a mixture of powdered cement and/or bentonite and water to create a pumpable 
fluid.  In some applications, aggregates and chemical additives are added to the mix to 
enhance the properties of the grout or to alter the setup rate.  In monitoring well 
applications, grouts are typically installed as an annular seal between the monitoring well 
casing and the borehole wall.  There are two basic types of grouts that are used as 
monitoring well seals: cement-based grouts and bentonite-based grouts.  The 
applications, advantages, and disadvantages of these grouts are discussed below.   
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4.2-6.2.1  Cement-based Grouts 
 
Cement-based grouts consist of a mixture of Portland cement and water.  The sealant 
qualities of cement-based grouts are related to the type of cement that is used, the 
water-to-mix ratio, mixing methods, and installation methods.  The rate at which a 
cement-based grout will set is principally related to the chemical composition of the 
cement.  Generally, Portland Type I or II cement is used for monitoring well seals.  
Table 4.2-4 summarizes the characteristics of the different ASTM cement types.   
 
A by-product of the chemical reactions that result in hardening of the cement is heat.  
The amount of heat that is produced during hydration is related to the chemical 
composition of the cement, the thickness and total volume of grout emplaced, and the 
ambient formation temperatures (Gaber and Fisher, 1988).  The heat of hydration should 
be considered when grouting boreholes with plastic casing, especially in deep 
applications. There are three types of cement-based grouts used in monitoring well 
applications: neat cement, neat cement with bentonite, and concrete.   
 
 (a)  Neat Cement: 
  
 Neat cement is a mixture of powdered cement and water; no sand or aggregate 
is added to the mix.  The sealing qualities of neat cement depend on the water-
to-cement mix ratio.  Table 4.2-5 presents the properties of neat cement based 
on the gallons of water per bag of cement.  All neat cement shrinks as it sets, 
and shrinkage increases with the water content of the cement mix.  
Consequently, the addition of too much water will adversely affect the sealant 
properties.  Even properly mixed, a pure neat cement will shrink approximately 
18 to 20 percent as it sets (Williams and Evans, 1987).  Due to this excessive 
shrinkage, pure neat cement has limited application as a monitoring well sealant.   
  
 (b)  Neat Cement with Bentonite: 
 
 The addition of a small amount of bentonite to a neat cement slurry will improve 
the sealing properties of the grout by reducing the shrinkage and separation of 
the concrete materials in the borehole.  The addition of bentonite also decreases 
the density of the mix and increases the viscosity and fluidity.  Although the 
addition of bentonite reduces the shrinkage and increases the pumpability of the 
grout, it also results in a decrease in the final strength of the grout and may 
increase its vulnerability to chemical attack (Williams and Evans, 1987).  
Generally, a mix consisting of between 5 and 15 percent bentonite is desirable.   
 
 While it is recommended that the proportion of bentonite be limited to 
approximately 5 percent or less, some very porous materials (e.g., coarse gravel) 
may require more bentonite to reduce the loss of grout into the formation.   
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(c)  Concrete:  
 
 Concrete is a mixture of Portland cement, sand, and water.  The addition of the 
aggregate to the neat cement grout increases the strength of the material, 
reduces the shrinkage, and typically results in tighter bonding compared to neat 
cement grouts.  Concrete is typically used for the surface seal in a monitoring 
well installation.  Concrete is generally used to cap grout or bentonite seals 
because it is less prone to cracking and is easy to mix.  Concrete is not suitable 
as a sealant for annular spaces because it has a tendency to separate in water, 
may bridge during installation, and is difficult to pump.   
  
 (d)  Cement Additives:  
 
 In some instances, chemical additives can be mixed with the grout to accelerate 
the rate of setup.  Calcium chloride is the most common cement accelerator, and 
is usually added in quantities of two to four percent by weight (Gaber and Fisher, 
1988).  Although accelerators have application in emergency grouting operations, 
they are not recommended for use in monitoring well installations due to their 
impact on water chemistry.   
 
4.2-6.2.2    Bentonite-based Grouts 
 
Bentonite is a montmorillonite clay that will expand 10 to 12 times in size upon hydration 
(Gaber and Fisher, 1988).  There are both sodium- and calcium-rich varieties of 
bentonite.  Sodium-rich bentonite is preferred for monitoring well applications because of 
its superior expansive qualities.  Bentonite-based drilling muds have been used for many 
years in the water well industry, but only in the past decade has there been research into 
the use of bentonite grouts as permanent seals in monitoring wells.   
There are basically three types of bentonite-based grouts:  heavy bentonite grout, high-
solids bentonite grout, and granular bentonite grout.   
 
(a)  Heavy Bentonite Grout:  
 
 Heavy bentonite grout consists of a mix of bentonite and water, consisting of 
10 percent bentonite by weight.  The grout must have a high density and high gel 
strength in order to be effective.  The proper bentonite-to-water mix will result in a 
high viscosity fluid that can be difficult to pump.  Improper mixing or installation 
can result in the bentonite settling out of settling of the water.  Due to their 
difficult mixing and pumping requirements, heavy-bentonite grouts have limited 
application for monitoring well installations.   
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 (b)  High-solids Bentonite Grout:  
 
 High-solids bentonite grout consists of a mix of bentonite, water, and an initiator 
to produce a grout that is 15- to 20-percent solids.  The addition of the initiator, 
usually magnesium oxide, is required to obtain the high percent of solids.  Mixing 
is more complex than with other grouts.  High-solids bentonite slurries require a 
Venturi-jet mixer, mud-rotary pump, or a paddle mixer to produce a suitable mix 
(Gaber and Fisher, 1988).  Properly mixed high-solids bentonite grouts are easy 
to pump and provide a flexible, low-permeability seal.  This material sets up into 
a plastic clay putty in approximately 8 to 24 hours.  Generally, a solid seal of 
cement or solid bentonite is required at the base and the top of this grout.   
  
 (c)  Granular Bentonite Slurries:  
 
 Instead of powdered bentonite, granular bentonite slurries utilize bentonite 
particles ranging from 8- to 20-mesh in size (Gaber and Fisher, 1988).  The 
comparatively smaller surface area of the granular bentonite results in a slower 
rate of adsorption.  A proper granular bentonite slurry mix should contain 15- to 
20-percent bentonite by weight.  In order to obtain a pumpable mix of 15- to 20-
percent bentonite, a synthetic organic polyacrymide polymer is sometimes added 
to suppress hydration and delay swelling.  The addition of synthetic polymers is 
NOT recommended for the installation of monitoring wells unless prior approval 
is obtained from DEP.  Similar to high-solids grouts, granular bentonite grouts 
require a blade or paddle mixer; a centrifugal pump is not capable of mixing this 
grout.  An advantage of the granular grout mix is that, unlike other bentonite 
grouts, it provides mechanical stability to the casing and borehole walls (Gaber 
and Fisher, 1988).  Granular slurries can be difficult to install, due to problems 
resulting from premature expansion of the bentonite.   
 
 Table 4.2-6 provides a comparison of the advantages and disadvantages of 
cement-based and bentonite-based grouts.   
 
4.2-7  PROTECTIVE CASINGS 
 
A protective well casing is required for all monitoring wells to protect the well from 
damage, leakage, tampering, and vandalism.  Protective well casings are generally 
constructed of steel and have a locking cap.  Two basic types of protective casings are 
used in monitoring well installation:  an above-ground casing and a flush-mount casing, 
or road box (see Figures 4.2-4 through 4.2-6).   
 
4.2-7.1  Above-ground Protective Casing 
 
Above-ground protective well casings are typically constructed from steel or cast iron 
pipe sections, generally 5 to 7 feet in length and 4 inches or greater in diameter.  Iron or 
steel protective casings are much preferred over plastic because they are less 
susceptible to damage and vandalism.  If the protective casing has a screw-on cap, 
making it air-tight, the protective casing as well as the riser pipe should be vented with a 
small hole.  The protective casing should have a hasp on the top so it can be locked with 
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a padlock.  The padlock should be corrosion-resistant; it is advisable that all the 
padlocks at a site be keyed alike for simplicity.   
 
In some heavily trafficked areas, the protective casing may be subject to damage by 
vehicles or snowplows.  Additional posts or casings should be installed to provide a 
buffer zone around the well (Figure 4.2-7).  Three posts placed in a triangle, each about 
two feet from the well, should be sufficient.  Fewer posts may be necessary if the traffic 
pattern is well defined.   
 
4.2-7.2  Flush-mount or Road-box Casing 
 
A flush-mount protective casing is used where the well installation must be installed flush 
with the ground surface, such as in roadways, parking lots, and sidewalks.  Flush-mount 
well installations also help to disguise the well location and reduce the potential for 
vandalism.  As shown on Figure 4.2-5, the flush-mount installation can be installed with 
single riser and a valve-box or road-box.  Alternatively, a standard type manhole can be 
installed directly over the well riser pipe with locking protective casing.  This type of 
flush-mount installation is shown in Figure 4.2-6.  Generally, manhole covers cannot be 
locked, so a padlock is placed directly on the protective casing.  Some road boxes have 
a five-sided bolt on the top that holds the cover on.  A special wrench is required to open 
these boxes.  A rubber gasket should be placed between the manhole cover and the lip 
to prevent leakage of surface water into the manhole.  When potential high water table 
conditions exist at flush-mount installations, water tight caps should be placed on top of 
the riser.  If well drained soil conditions exist, granular material should be placed inside 
the manhole around the well riser to drain surface water that may seep in around the 
cover.   
 
The protective casing must be properly sized for the borehole diameter.  Generally, it is 
best if the protective casing is close to the size of the borehole so that it fits snugly.   
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 SECTION 4.3 
 WELL INSTALLATION PROCEDURES    
                       
4.3-1  PURPOSE 
 
The proper installation of monitoring wells is an essential part of all hydrogeologic 
investigations.  The proper installation depends on good communication and cooperation 
between the drilling contractor and field personnel.  Quality well installations require 
thoughtful consideration of several interrelated topics including the objective(s) of the 
well installation program, selection of the appropriate drilling method, network design, 
and well construction materials.  Information and technical guidance on these aspects of 
monitoring well construction are contained in other sections of these Standard 
References: Section 3.2 Drilling Methods, Section 4.1 Network Design, and Section 4.2 
Selection of Well Construction Materials.  The reader should refer to these sections prior 
to specifying well materials and installation procedures.   
 
The techniques described in the following subsections are some of the common and 
effective methods that can be used to install monitoring wells.  Other methods may be 
utilized provided that the performance and integrity of the well components are 
maintained.  A drilling contractor experienced in monitoring well installation can offer 
many helpful suggestions on both standard and innovative well installation methods.  
Discussion of a proposed well installation program with a drilling contractor prior to 
undertaking the field program is strongly recommended.   
 
Improperly installed monitoring wells can have serious consequences.  Data obtained 
from such wells can be incorrect and/or misleading, resulting in erroneous interpretations 
and conclusions concerning potentiometric head conditions, the extent of contamination, 
contaminant concentrations, and the source or receptor of contamination.  Frequently, 
inadequate attention is given to the proper preparation and installation of monitoring well 
seals.  Inadequately sealed wells can serve as conduits for the vertical movement of 
contaminants.  This is of particular concern when installing wells into the lower portion of 
an unconsolidated aquifer and into bedrock.  A detailed discussion of the preparation 
and installation of monitoring well seals is contained in this Standard Reference (SR).   
 
This SR focuses primarily on the installation of single standpipe wells, as this is the type 
of well most commonly installed.  Multi-level well nests and specialized wells in a single 
borehole require specialized installation techniques not covered in this section.  
Individuals involved in the installation of these types of wells should discuss the 
recommended methods with the manufacturer or his representative.   
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4.3-2  COMPONENTS OF THE INSTALLATION 
 
In an unconsolidated formation the basic components of a monitoring well installation 
are: 
o placement of the well screen and riser pipe 
o placement of the filter pack 
o placement of the divider seal 
o placement of the annular seal 
o placement of the protective casing and surface seal 
 
An open bedrock well will always require the installation of a grout seal that ensures that 
the well casing is firmly embedded in the rock.  A typical open rock well installation is 
shown on Figure 4.3-3.   
 
Simply stated, installation involves positioning the well screen in the geologic unit of 
interest and attaching a string of riser pipe to the screen.  The riser pipe or well casing 
extends to or slightly above the ground surface.  The screened section is then backfilled 
with a granular filter pack material such as silica sand or, in some special cases, with 
formation materials.  A divider seal typically consisting of bentonite pellets is placed 
above the filter pack to seal off the monitoring zone.  The annular space above the 
divider seal is then filled with more impervious material.  Grout slurries consisting of 
bentonite, cement or a mixture of the two materials are generally recommended for 
annular seals.  A protective casing or road box is installed in a concrete seal at the 
ground surface.   
 
The general requirements and recommended installation methods for each of these 
monitoring well components are described in the following sections and are shown on 
Figure 4.3-1.  In general these techniques are similar for both unconsolidated deposits 
and bedrock.  A typical bedrock well installation with screen and riser is shown on Figure 
4.3-2.  It is important to note that it is recommended to enlarge the hole into the upper 
bedrock surface to allow for a more reliable installation and measurement of the filter 
pack and divider seal materials.   
 
The most common variation to this installation sequence is with the open bedrock well 
technique commonly used for water supply wells.  The open rock well technique 
generally consists of:  advancing a steel casing into bedrock, grouting the casing 
permanently into the upper rock material, and then advancing the hole through the grout 
and rock to the desired depth.  A well screen is generally not used with this technique 
and the drill casing becomes the permanent well casing.   
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4.3-3  INSTALLATION OF SCREEN AND WELL CASING 
 
4.3-3.1  Borehole Preparation 
 
In preparation for the installation of a monitoring well, the borehole should be checked 
for depth using some type of weighted measuring tape.  In most instances, drilling 
waters should be flushed with clean potable water until the return is clear and free of 
sediment, if possible.  To check for unstable rock or soil conditions, a second 
measurement is advisable.  When hollow-stem auger equipment is used for the 
installation of monitoring wells, it is often recommended that the auger be flushed (i.e., 
washed) to the bottom to remove any loose material.  In contrast, the drive-and-wash 
technique generally maintains a cleaner casing throughout the drilling phase.   
If the borehole has been advanced beyond the desired well depth, it will be necessary to 
backfill the lower part of the hole up to the required depth of the well.  It is important to 
backfill and seal the deeper hole so that, if required by the sampling design plan, the well 
will produce water samples from a discrete zone.   
 
4.3-3.2  General Requirements 
 
For monitoring wells installed in either the bedrock or the overburden, important 
considerations in the placement of the screen and well casing include the following:   
 
o The borehole should be of a diameter adequate to allow for proper placement of 
the filter pack and seals.   
 
o If necessary, decontamination of the well riser and screen should be carried out 
in accordance with a procedure that is similar to that presented in Sections 3.3 
and 6.5 of these Standard References.   
 
o The casing and screen should be centrally positioned in the borehole.  This will 
assure even placement of the filter pack and seals and will reduce the possibility 
and chance for the occurrence of dead spaces or voids.   
 
o The screen and riser pipe should be vertically plumb.  A vertical well screen and 
casing will assure that accurate water-level measurements are obtained.  Also, 
straight, vertical installations will provide for easier installation of the filter pack 
and seal materials, and facilitate sampling in the future.   
 
o The casing sections should be firmly joined with leak-tight joints.  Most well 
casing consists of threaded, flush-joint pipe. Studies have shown that in some 
cases threaded joints leak, allowing water or undesirable fluids to seep into the 
well.  Teflon tape or O-rings can be used on the joints to help prevent leakage.  
Joints should not be sealed or glued with any substance that could potentially 
contaminate the well.   
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o The source and purity of filter sand and bentonite should be checked prior to their 
use in the borehole.  Drilling contractors and suppliers usually furnish, on 
request, quality assurance documentation for these materials.    
 
o The well should be vented.  A small vent or hole should be drilled below the 
depth of the cap into the final section of riser pipe.  This will allow gas and air to 
escape and facilitate accurate measurements of potentiometric head.  Vent holes 
should not be used on flush-mount road box installations when there is the 
potential for infiltration from ground or surface water.   
 
o The length of the casing above the ground surface (i.e., stick-up) should be 
measured and recorded.   
 
 
 
 
4.3-3.3  Centralizers 
 
The use of centralizing techniques is both advantageous and complex.  The complexity 
is attributable to the installation of the filter pack and seals within a more restricted 
annulus.   
 
Centralizing devices are recommended to properly position the well casing in the center 
of certain borehole (i.e., deep holes or fine-grained formations).  Centralizers consist of 
collars that are attached to the well screen and riser, keeping it positioned in the center 
of the borehole.  This type of device restricts the annular space and may create 
problems when placing filter sand, bentonite pellets, or grout through a tremie tube.  If 
centralizers are used, it may be advantageous to modify them in order to facilitate the 
installation of filter sand and seals.  Modification is often made by removing a portion of 
the centralizing device.  If this cannot be done easily, it is sometimes advisable to place 
a centralizer only at the bottom of the installation.   
 
4.3-4  FILTER PACK 
 
4.3-4.1  General Requirements 
 
The filter pack surrounds the screened section and restricts fine-grained particles from 
entering the well screen.  The filter pack supports the borehole walls and prevents the 
wall from collapsing in or around the well screen.  The important aspects of filter pack 
installation are as follows: 
 
o The filter pack should provide complete and even coverage around the well 
screen.  A properly installed filter pack does not contain any voids.  Sidewalls or 
cuttings from the borehole should not be allowed to collapse or collect around the 
screen when formation materials are unsuitable.   
 
o A minimum of two feet of filter pack above the well screen is recommended.  This 
extra thickness will prevent seal material, particularly grout, from settling in and 
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around the well screen.  When coarse filter sand is used around the well screen, 
a finer sand filter pack should be placed along the riser between the screen and 
the divider seal.  In all cases, the depth to the top of the filter pack should be 
verified by measurement.  Extension of the filter pack above the screen 
effectively lengthens the monitoring zone.  Adequate time must be allowed for 
the filter pack to settle in the borehole prior to measurement, particularly in deep 
boreholes.   
 
4.3-4.2  Installation 
 
Prior to installation, the volume of filter material necessary to fill the annular space 
between the well screen and the borehole wall should be calculated.  A simple way to do 
this is to place a section of well screen in a piece of casing or pipe that is equivalent to 
the borehole diameter, and determine the number of pails, jars or cans necessary to fill a 
1- or 2-foot length of the annular space.  The total length of the filter pack can be 
multiplied by this number to determine the estimated quantity of filter pack necessary.  
During the installation the total amount of filter pack installed should be recorded.  
Variations in the calculated volume and the actual amount installed should be noted.  
When installing wells in hollow-stem auger holes, it is important to remember that the 
inside diameter of the augers is much smaller than the borehole diameter.  The amount 
of sand necessary to fill the outside diameter should be determined prior to installation.   
There are two basic methods by which filter packs can be installed: the tremie method 
and the free-fall method.  The selection of the method of filter pack installation is 
dependent on the particle size of the filter pack material, the annular space between the 
borehole wall and the well screen, and the depth to the water table.   
 
4.3-4.2.1  Tremie Method 
 
The tremie method involves placing a small diameter pipe down the annular space 
between the well screen and the casing or augers.  The filter material is then poured or 
pumped (as a slurry) into the pipe and allowed to settle in and around the well screen.  
The top of the sand pack should be verified by measurement.  As the sand pack is in-
stalled, the tremie pipe must be continually retracted in 1- to 2-foot increments to prevent 
the pipe from becoming buried in the filter pack.  The tremie method is particularly 
suitable for deep well installations or instances where the water table is deep, because it 
eliminates the hazard of the filter pack becoming caught (i.e. bridging) in the annulus 
between the well pipe and the drill casing and plugging the borehole.  When graded filter 
packs are used the tremie method prevents segregation of the fine and coarse particles 
that might occur with the free fall method of emplacement.  Bridging may also occur in 
the tremie pipe.   
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4.3-4.2.2  Free-Fall and Tamp Method 
 
The free-fall method consists of pouring a pre-measured quantity of sand down the hole 
from the ground surface.  The free-fall method is best suited for shallow well installations 
where the water table is relatively close to the ground surface.  Sand is poured down the 
annular space between the outside of the screen and well riser and the inside of the 
casing or augers.  The sand should be added slowly to avoid bridging. If bridging does 
occur, the addition of water or a short quick movement the drill casing will usually free 
the sand pack.  Care should be exercised when using a mechanical method to free 
bridged sand as it may damage the well pipe by unscrewing or pulling apart the well pipe 
at a coupling.  The addition of water, if possible, is the preferred method as it places less 
stress on the well pipe. 
 
A small amount (i.e., approximately 1 to 2 linear feet) of sand can be allowed to fill the 
bottom of the casing.  The casing or augers should then be slowly retracted 
approximately 0.5 to 1 foot so that the filter pack can fill the space between the well 
screen and the borehole wall.  Sand should remain in the bottom of the casing or augers 
at all times so that the natural soil does not cave around the screen.  When augers are 
used, the rate at which the sand drops out of the auger as they are pulled is very rapid, 
because the borehole diameter is so much larger than the annular space between the 
inside of the auger and the well screen.  Special care should be taken to maintain a 
continuous sand filter around the screen interval.  The top of the sand pack should be 
tamped and measured with weighted tape or rod to verify its location each time the 
casing is retracted.  This process should be repeated until the desired length of filter 
pack has been installed.   
 
4.3-4.2.3  In-place Filter Pack 
 
In coarse-grained soils the in-place formation materials may provide a suitable filter pack 
for the well screen.  In this case the borehole casing or augers are retracted to the depth 
of the top of the filter pack and the borehole walls are allowed to collapse around the 
screen.  The casing or augers should be retracted slowly and steadily to prevent voids 
from occurring.  As with the other placement methods, the top of the filter pack should be 
verified by measurement.  If additional length of filter pack is needed, the casing can be 
retracted further to allow more natural cave-in, or artificial pack material can be added.   
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4.3-5  SEALS 
 
4.3-5.1  General Requirements 
 
Well seals are a very important part of any monitoring well installation.  Well seals isolate 
the well screen at the desired depth within the formation.  Additionally, properly installed 
well seals prevent the vertical migration of fluids and contaminants along the annular 
space of the borehole.  Important considerations in the installation of well seals are: 
 
o The well seal should form a continuous, impervious column in the borehole to 
prevent the migration of fluids or contaminants either up or down the annular 
space.  It should be noted if the surrounding soil or fill material is very coarse, the 
material used to seal the well may migrate into the surrounding material 
sufficiently to threaten the integrity of the well itself.  When the volume of seal 
material used exceeds the volume of the borehole, other techniques such as the 
addition of more bentonite to slurries and grouts or the use of solid bentonite 
pellets should be considered to fill the annular space.   
 
o The seal material should be of a durable, non-shrinking material.  This requires 
the selection of the appropriate seal material, as well as the proper mix and 
installation.   
 
o The location of the seal in the borehole should be verified by direct 
measurement.   
 
4.3-5.2  Types of Well Seals 
 
Well seals can be divided into three categories:  divider seals, annular seals, and 
surface seals.  The divider seal is one placed directly on top of the filter pack and below 
the annular seal, isolating the screened zone vertically from the remainder of the 
borehole.  The annular seal is placed above this divider seal and fills much of the 
remaining borehole length.  Bentonite, cement, and cement/bentonite grout and slurry 
mixtures are most often used as annular seal materials.  Concrete is the most common 
surface seal material.   
 
 
4.3-5.2.1  Divider Seals 
 
Generally, divider seals consisting of either bentonite pellets or bentonite slurry are 
placed on top of the filter pack to isolate the screen zone in the desired strata.  It is 
recommended that dry bentonite, consisting of 1/4- or 1/2-inch pellets, be used if the 
seal is above the water table and that a bentonite slurry be used below the water table. 
Bentonite pellets can be used below the water table if the water depth is moderately 
shallow (see Section 4.2).  The thickness of this layer ranges generally from 2 to 5 feet. 
The minimum thickness of this layer is 6 inches.  Extra caution should be taken when 
pellets are placed below the water table.  Slurried bentonite seals should always be 
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placed through a tremie pipe.  In addition to forming a seal to prevent the migration of 
groundwater from higher strata, the divider seal is used to prevent the migration of 
annular sealant into the filter pack.   
 
4.3-5.2.2  Annular Seals 
 
Annular seals are placed above the divider seal, between the well casing and the 
borehole walls.  The annular seal should be a low permeability material designed to 
prevent vertical migration of fluids and provide structural support for the casing.  Grout 
mixtures are generally used for annular seals.  If they are properly mixed and correctly 
installed, grout can be an effective well seal.  The use of the correct 
bentonite/cement/water mix ratios, as well as proper mixing and placement are essential 
elements in obtaining an effective grout seal.  Section 4.2 of these Standard References 
describes more fully the grout mixtures.  Grout for the annular seal below the water table 
should always be placed through a tremie pipe.   
 
4.3-5.2.3  Surface Seals 
 
The surface seal is installed to secure the protective casing around the wellhead and to 
prevent infiltration of surface water around the well riser.  The top 3 to 5 feet of the 
borehole should be filled with concrete to create a slab at least six inches thick above 
the borehole, with a diameter at least two feet greater than the protective casing.  The 
concrete slab should be contoured to direct surface water runoff away from the 
wellhead.   
 
4.3-5.3  Installation 
 
4.3-5.3.1  Bentonite Pellets and Slurry 
 
Properly installed, bentonite pellets and slurries provide a high density, flexible, low 
permeability seal.  Bentonite pellets are preferred over cement grout for divider seals 
because they provide a solid seal where the continuity and thickness can be controlled 
by tamping and measurement.  Bentonite pellets placed above the water table require 
that water be added, after the seal is in place, to activate the swelling of the pellets prior 
to installation of the annular seal.  Bentonite slurries require set-up times of several 
hours before reliable measurements can be made.  The use of bentonite seals on top of 
the filter pack also separates the well screen from the grout, and prevents the grout (a 
liquid when installed) from invading the filter pack.  Separation of the filter pack from the 
grout is also desirable from a geochemical standpoint, to limit the effect of the grout on 
the pH of the well.   
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The methods of installing bentonite seals are similar to that of installing filter pack.  
Unless the hole is dry, the pellets should always remain below the bottom of the casing 
during installation.   
 
This is necessary to avoid expansion and bridging of the pellets in the bottom of the 
casing.  Bentonite slurry is placed through a tremie tube to the bottom of the casing prior 
to pulling the casing back.   
 
It is strongly recommended that a bentonite pellet annular seal be tamped in place to 
assure that no voids occur and to help to remove any pellets that may adhere to the side 
of the casing.  A tamping device can be fabricated from pieces of small diameter casing 
or from a small metal plate attached to a rod.  The tamping device should have a half-
moon or doughnut-shaped plate at the base with which to tamp the bentonite in place.   
 
During installation, the depth to the top of the bentonite seal should be verified by 
measurement with a weighted tape or rod.  Placing a small amount of sand or pea gravel 
on top of the pellets prior to making a measurement will help to keep the tape from 
sticking to the pellets.   
 
As with filter pack, volume calculations should be prepared to estimate the amount of 
seal needed.  Techniques similar to those employed in the calculation of filter pack 
volume can be used.   
 
4.3-5.3.2  Grout Slurries 
 
(a)  Grout Pumps and Hoses 
 
Grout pumps are used both to mix grout slurries and to pump them down 
the boreholes.  Selection of an appropriate pump will ensure that the grout 
can be thoroughly mixed and rapidly emplaced.  There are two basic types 
of pumps available for grouting:  1) variable displacement, and 2) positive 
displacement pumps.  The basic differences between the pumps are briefly 
described below, as is their suitability for grout applications.   
 
 (1)  Positive Displacement Pumps  Positive displacement pumps maintain a 
constant output per revolution or stroke, regardless of the head that it is pumping 
against.  Priming is not required with this type of pump.  Common types of 
positive displacement pumps are rotary pumps, screw/worm pumps, and piston 
pumps.  Example of these pump mechanisms are shown on Figure 4.3-4.  
Positive displacement pumps are better suited for pumping high viscosity fluids 
and, therefore, are excellent grout pumps.  Due to their simpler mechanism, 
rotary pumps and screw/worm pumps are generally preferred over piston pumps 
for pumping grout.   
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 (2)  Variable Displacement Pumps   The output per revolution of variable 
displacement pumps varies with the pressure or elevation head.  A variable dis-
placement pump must be primed.  A centrifugal pump is a common type of 
variable displacement pump.  The single impeller, centrifugal pumps typically 
used in well drilling rely on suction lift as a driving force to maintain the prime 
during operation.  The centrifugal pump is generally capable of suction lifts of 15 
to 20 feet in water.  In grout slurries this suction lift is even smaller, approximately 
5 to 8 feet, due to the increased viscosity and weight of the grout.   
 
 (3)  Pump Hoses  Pump hoses should be of adequate size to handle the heavy, 
viscous grout.  Generally 1- to 2-inch diameter discharge lines and 2- to 4-inch 
suction lines are used in well grouting operations.  A common grouting problem is 
the potential for clogging of the lines or pump failure.  If this occurs, the grout 
may harden in the pump, damaging or permanently destroying it.  Consequently, 
pumps should be well maintained and frequently checked.  Quick-connect 
couplings should be used on all pump lines to allow for rapid troubleshooting if 
problems occur.   
 
 (b) Grout Mixing 
 
The importance of proper mixing of grout and water cannot be over-emphasized. The 
proper ratios of cement, bentonite or other additives, and water must be maintained 
in order for the grout to provide an effective seal.  In general, grout is composed, by 
weight, of 20 parts of Portland cement for one part of bentonite, with a maximum of 8 
gallons of water per 94-pound bag of cement.  More bentonite may be required if the 
formation is very porous.  In general, this ratio of cement to bentonite should not be 
less than 5:1.  Only clean water should be used when mixing grout slurries; it is 
important to always mix the bentonite with the water first, before adding cement.  
Saline water or waters with a high mineral content can cause flash set of the cement 
(Gaber and Fisher, 1988) or flocculation of bentonite, destroying the integrity of the 
grout and, therefore, should not be used.   
 
A mud scale is useful to monitor the density of the grout during mixing.  The mud 
scale can be used to determine the density of the grout in pounds per gallon.  Table 
4.3-1 contains the recommended minimum densities for most common grout mixes.   
Several grout mixing methods are described below.   
 
 (1)  Hand Mixing   Hand mixing is an acceptable method when small volumes of 
grout are needed (i.e., 5 sacks of cement or less).  The water and dry powder are 
combined in a shallow tub or mud pit and mixed by hand using shovels, hoes or 
other implements.  This method of mixing is labor-intensive and time-consuming.  
Smooth, good quality slurries are difficult to obtain with hand-mixed methods.   
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 (2)  Paddle Mixing   Paddle-mixing incorporates the use of a barrel-shaped grout 
mixer.  The slurry is mixed by paddles or blades that combine the water and 
cement by agitation, similar to the action of a blender.  First, the appropriate 
amount of water is added to the tub and then the dry bentonite (if required) is 
added while the mixer is operating.  Cement is then added to the slurry mixture.  
Mortar mixers are commonly used to prepare grout slurries.  Standard mortar 
mixers can generally handle up to 3.5 cubic feet of grout.  A standard mortar 
mixer can accept 2 or 3 bags of cement and 15 to 18 gallons of water for the ap-
propriate mix ratio.  A 94-pound bag of cement makes approximately one cubic 
foot of grout.  Grout slurries can be mixed in batches and poured into a 
temporary holding tank until they are pumped down the borehole.  Paddle mixers 
are suitable for mixing small to moderate quantities of grout, usually 20 bags or 
less.  Figure 4.3-5 is an example of a paddle mixer.   
 
 (3)  Recirculation Mixing   Recirculation mixing is the most common method of 
grout mixing used by monitoring well contractors.  Recirculation mixing involves 
combining the dry grout material and correct amount of water in a mud tub or 
half-barrel.  The dry powder is mixed with water, using a high velocity fluid 
stream.  A suction line is placed at one end of the tank and a discharge line at 
the other end.  The fluid is continually recirculated through the pump and mixed 
at the discharge line until a smooth slurry is achieved.  Pump lines should be 
equipped with a valve that allows the pump to be switched from recirculation to 
pumping without shutting the pump off.  Figure 4.3-6 is a diagram of a 
recirculation mixing set-up.   
 
 (4)  Jet Mixing  Jet mixing is a technique primarily used for preparing bentonite 
muds for rotary drilling.  Jet mixing operates with a high pressure inlet and 
discharge stream.  The dry grout is added to a funnel located at the top of the 
inlet line, as shown on Figure 4.3-7.  Due to the large amount of particle shear, 
jet mixing is not suitable for many bentonite-based grouts.   
 
(c) Grout Placement Methods.   
 
 (1) Tremie Method   In most cases the most acceptable method of grout 
installation is the tremie method.  Grout is placed in the annular space from the 
bottom to the top by means of a tremie or grout pipe.  The pipe is lowered to the 
required depth, slightly above the divider seal, and grout is pumped or poured 
down the tube.  Grout is placed in the borehole in one continuous operation.  The 
bottom of the grout pipe should remain submerged in the grout during the 
grouting operation and raised gradually.  Grout should be pumped down the hole 
until grout of similar density discharges from the annular space at the ground 
surface.  Once the grouting is completed, the pump and hoses should be flushed 
with clean water.   
                                                   Section 4.3 
                                                   Page 12 
                                                   January 1991 
 
 
 
 
 
 (2) Surface Pour Method   Pouring grout from the ground surface is acceptable in 
a very limited number of cases, such as when grout is installed in holes that are 
dry and less than 25 feet in depth.  A pail or hose is used to introduce grout into 
the borehole and fill the annular space.   
4.3-6  PROTECTIVE CASING AND SURFACE SEAL 
 
4.3-6.1  General Considerations 
 
The purpose of a protective well casing is to provide a water-tight, tamper-resistant 
sleeve around the monitoring well to protect it from accidental damage, infiltration, and 
vandalism.  Protective well casings are generally constructed of steel or cast iron and 
have a locking cap, if possible.  The two basic types of protective casings used in 
monitoring well installations are the above-ground casing and the flush-mount casing or 
road box.   For information on selection of the appropriate protective casing see Section 
4.2 Selection of Well Materials.   
 
Important elements in the installation of a protective casing are the inside diameter of the 
protective casing, the depth of the protective casing, and the installation of a concrete 
surface seal.   
 
4.3-6.1.1  Protective Casing Diameter 
 
The outside diameter of the protective casing should be sized to provide space for a 
sufficient surface seal (both horizontally and vertically).  A protective casing 1 to 2 inches 
smaller than the borehole diameter is recommended.  The inside diameter of the pro-
tective casing should be sufficiently large to permit easy removal of the riser cap for 
measurement and sampling activities.  Protective casings with sharp edges may cut 
hands and damage cables, tubing and other equipment.  These sharp edges should be 
filed smooth or covered with masking tape.   
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4.3-6.1.2  Depth of the Protective Casing 
 
The protective casing should be placed at a sufficient depth to prevent frostheaving and 
to secure it in the ground.  Generally depths of 3 to 5 feet below the ground surface are 
sufficient for placement of the base of the protective casing.  The seal should generally 
extend up into the annulus between the protective casing and the well riser.  This 
technique is used to keep water from accumulating in this portion of the annular space 
and causing damage from freezing.  If this technique is used, a drain hole should be 
placed in the protective casing at the surface of the seal.   
 
4.3-6.1.3  Surface Seal 
 
A concrete surface seal should be installed around the protective casing.  This will 
secure the casing in place.  The seal should extend to the bottom of the protective 
casing and have a diameter at least 2 feet greater than the casing at the land surface.   
 
 
4.3-6.2  Placement of the Protective Casing or Road Box 
 
o During placement of the annular seal between the monitoring well and the 
borehole, terminate this seal where the base of the protective casing will be set.   
 
o Prior to placing the protective casing in the borehole, be certain that the surface 
of the annular seal is sufficiently hard to support the protective casing.  Adequate 
time must be allowed for the annular grout seal to set.  If necessary, place a few 
inches of bentonite pellets and/or sand at the top of the annular seal.  This will 
provide a firm surface on which to set the protective casing.  The height of the 
protective casing should never be adjusted by twisting or hammering it into the 
annular seal.   
 
o Slide the protective casing over the capped/vented monitoring well and into the 
borehole.  Adjust the protective casing to the proper height above the riser cap 
(no less than 2 inches).  A wooden block or other spacer placed between the well 
cap and top of the protective casing will allow for the proper separation to be 
maintained.  This spacer will help to prevent settling of the protective casing 
while the grout is setting up.  If necessary, add additional bentonite or sand to the 
borehole to obtain the proper protective casing height.  Make certain that the 
protective casing is straight and that it is not interfering with the well riser.   
 
o Place grout, generally consisting of concrete, around the protective casing or 
road box.  If necessary, fill the annular space between the protective casing and 
the borehole with concrete grout.   
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4.3-6.3  Surface Seal 
 
A concrete surface seal should be placed at the ground surface around the outside of 
the protective well casing.  The seal should extend down around the protective casing 
for at least 3 to 5 feet.  The pad, at least 2 feet in diameter around the protective casing, 
should form a cone-shaped collar around the casing, directing surface runoff away from 
the casing.  Surface seals around road box protective installations may consist of cold 
patch asphalt.   
 
4.3-6.4  Identification and Well Security 
 
Once the installation is complete, the protective casing should be labeled and locked.  
Labels on the outside of the casing may include the owner or contact identification.  The 
underside of the protective casing cover provides an ideal place for permanent 
identification markings, if the cover is permanently fastened to the protective casing.  
The unique identification number must always be placed on a part of the well that can 
never be confused with a part of another well.  A reference point for water level 
measurements should be permanently marked on the well riser.   
 
4.3-7  PROBLEMS AND POSSIBLE SOLUTIONS 
 
4.3-7.1  Artesian Conditions 
 
Flowing artesian conditions may prevent backfilling of the screen with sand or placement 
of the bentonite seals.   
 
o In some instances, artesian conditions may only represent a few feet of elevation 
head above the ground surface.  First try adding casing to the monitoring well to 
determine the elevation head.  It may be feasible to add 5 to 10 feet of casing to 
the top so the elevation head can be established and the flow stopped.  Once the 
flow has stopped, well construction can proceed.   
 
o If the pressure is so high that it is not feasible to add additional casing, consider 
using a larger filter material that would fall through a water column despite 
upward gradients.   
 
o A pneumatic multi-port monitoring system with inflatable packers (see Section 
4.1) can be used in place of filter sand and bentonite seals.   
 
o Pumping the newly installed well to temporarily stop the artesian flow may also 
facilitate installation of the filter pack, divider and annular seals.   
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4.3-7.2  Caving Conditions 
 
Soil repeatedly caves in around the well screen when casing is pulled back during 
backfilling.   
 
o Add water to casing before and/or during retraction to create a positive hydraulic 
head.   
 
o Backfill within the casing only 4 to 6 inches at a time and pull casing back only 
that amount.  This is possible even when working with casings with average 
sections of 5 feet or longer.   
 
o Determine if the geologic unit within which the screen is installed is suitable as 
filter material and, if suitable, allow caving to occur.   
 
4.3-7.3  Filter Pack Bridging Between the Riser and Casing 
 
Filter material becoming caught between the casing and the riser at a point above the 
screen. 
 
o Add water over the bridged area to settle the granular material to the bottom.   
 
o Wash out sand to bottom of casing sufficiently to free riser and start the process 
over.   
 
o Vibrate the riser by tapping or banging.   
 
o Remove riser from borehole, redrill boring to required depth, and start installation 
again.   
 
4.3-7.4  Leakage through Road Box 
 
Infiltration of surface water through the top of a flush-mount casing resulting in 
submergence of the monitoring well.   
 
o A double-pipe (manhole or sump pit) system, commonly used on underground 
gas tank fill pipes, can help prevent this from occurring.   
 
o A leak-proof cap or rubber gasket should be placed on the protective casing 
cover in flush installations to prevent water from ponding inside the protective 
casing.   
 
o Low areas subject to flooding or puddling should be avoided if possible.  If 
flooding of puddling is suspected the flush-mounted protective casings can be 
slightly elevated to reduce the potential for surface water infiltration.   
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4.3-7.5  Settlement of Protective Casing 
 
Settling of the protective casing over time, making it difficult or impossible to close the 
cap.   
 
o Care should be taken to ensure that the base of the protective casing is placed 
on a firm surface. 
 
o The use of a block or spacer placed between the top of the riser and inside of the 
protective casing cap during installation is recommended to minimize this 
problem.   
 
o In the flush installation, the well cap should be slightly recessed below the ground 
surface to ensure that vehicles or heavy machinery do not cause pressure 
directly on the well itself.   
 
4.3-7.6  Heavy Traffic 
 
In some heavily trafficked areas, the protective casing may not provide adequate 
protection from vehicles.  Since the monitoring well represents a significant investment, 
additional posts or casings should be installed to provide a buffer zone for the well.   
 
o Three posts placed in a triangle, each about two feet from the well, should provide 
sufficient protection.  Fewer may be adequate if the traffic pattern is well defined.   
 
4.3-7.7  Winter Months 
 
During winter months, short above-ground protective casings and flush (road box) 
installations may become obscured by snow and ice.  
  
o Where possible, install well-marked, brightly painted poles at the wellhead.   
 
o If flush installations are located in areas of traffic, nearby reference marks should be 
identified and clearly marked (flagged or painted) to aid in finding the wellhead.   
o Metal detectors are also useful in locating buried or obscured protective casings.   
 
o Hand-held torches help to loosen frozen locks and casings in non-explosive 
locations.   
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4.4  AS-BUILT NOTES AND RECORDS 
 
4.4-1  PURPOSE 
 
The purpose of an As-built Record is to compile permanent information about the actual 
location and construction of a specific monitoring well, including the subsurface geology 
at the well location.  There are several reasons for submitting such information: 
 
o To ensure that the minimum construction standards have been met, and that the 
installation is suitable for the site conditions. 
 
o To provide an historical database of information on existing monitoring wells, 
subsurface materials, and water quality. 
 
o To enable others to assess the integrity of the well installation so as to be able to 
evaluate the validity of the environmental data obtained from the well. 
 
o To enlarge the database available from the centralized repository maintained by 
Water Resources Division of the Department of Environmental Management 
(WRD/DEM). 
 
o To meet the requirements for well drillers by Massachusetts General Law 
Chapter 21 Section 16 and The Department of Environmental Management 
regulations 313 CMR 3.01(5). 
 
4.4-2  METHODOLOGY 
 
Ideally, the methodology used to achieve the purposes described above should provide 
a standardized format for evaluating monitoring well installations and for compiling the 
relevant information on a computerized database.  It is possible to provide such 
information in either narrative or graphic format, or both.  There are two key state 
agencies, the Department of Environmental Management (DEM) and the DEP, who are 
responsible for collecting such information. 
 
The DEM regulates the drilling of wells and currently requires that well completion 
reports (including water and monitoring wells) be signed and submitted to DEM by a 
Massachusetts registered well driller (Figure 4.4-1).  The person doing the actual drilling 
does not have to be registered.  However, they must be supervised by a Massachusetts-
registered driller. 
 
The DEP regulates the installation of monitoring wells for protecting public water supply 
wells (Bureau of Resource Protection) and for waste site investigations and various 
permits (Bureau of Waste Site Clean Up and Bureau of Waste Prevention.) 
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The well completion reports required by the DEM for water wells is not sufficient for 
technical review of monitoring wells.  For this reason the DEP has developed an As-built 
Form (Appendix A) and a boring log format (see Section 3.2) specific to monitoring wells.  
The information contained within them is considered essential for DEP technical review.  
Use of the formats is strongly recommended.  However, they may be modified to fit 
specific needs.  As-built and boring logs may be combined to provide graphic illustration 
of the well construction along side the boring log information.  Include copies of as-built 
and boring log formats in the proposed work plan (Section 2.0).  Appendix A also serves 
as an informational checklist for monitoring well installations.  A schematic drawing of 
the installed well frequently serves to provide much of the same information that has 
been requested in narrative form.  Examples of schematic drawings of As-built 
monitoring well forms are included as Figures 4.4-2 and 4.4-3. 
 
4.4-3 EXAMPLES OF EXISTING AND PROPOSED WATER WELL COMPLETION 
FORMS 
 
4.4-3.1  Well Completion Report Required by the Water Resources 
Commission 
 
State Regulation 313 CMR 3.00 states, in part, that "Well drillers' reports will be 
submitted to the Water Resources Commission, Division of Water Resources, within 
thirty days of completion of any water well."  313 CMR 3.00 further states that: 
 
 "Within thirty days after completion of any water well (productive or non-
productive*), a registered well driller shall submit to the Water Resources 
Commission, Division of Water Resources, a report containing: 
 
(1) the name of the owner of the well; 
 
(2) the geographic location of the well (this shall be given accurately to enable 
easy plotting on a U.S. Geological Survey Topographic [1:25,000 scale] map); 
 
(3) well depth; 
 
(4) depth to bedrock or refusal; 
 
(5) casing type; 
 
(6) casing size and casing length; 
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(7) well screen type; 
 
(8) well screen length; 
 
(9) well screen depth set; 
 
(10) static water level; 
 
(11) method used to test well yield; 
 
(12) length of time (in hours) that the well was pumped; 
 
*  "Non-productive Well" is defined in 313 CMR 3.00 as:  A well which has been dug or 
drilled and sufficient water for its intended use is not available, or a well which has been 
dug or drilled for monitoring purposes. 
(13) drawdown; 
 
(14) well yield; and 
 
(15) drilling logs describing the material and thickness penetrated. 
 
Report forms will be issued by the Regulating Agency upon request." 
 
A copy of the current DEM Water Well Completion Report is included in Figure 4.4-1.  
Their policy on monitoring wells is included in Appendix B. 
 
4.4-3.2  Well Completion Report for Well Owner and Local Board of Health, 
Proposed by Division of Water Supply, DEP 
 
In addition to the information required on the "Water Well Completion Report" form 
discussed above, it is recommended by DEP's Division of Water Supply that the 
following information be submitted to the well owner and, if required, the local Board of 
Health: 
 
(1) The reference point for all depth measurements. 
 
(2) The depth at which the first water was encountered. 
 
(3) The composition and thickness of each stratum (clay, silt, sand and gravel, 
cemented formations, hard rock formations, etc.).  Particle size, range and shape, 
along with rock type and smoothness, should be included.  See Section 3.5, Soil 
Classification.  Descriptions of materials should be made using the Udden-
Wentworth scale or the USDA and Soil Sci. Soc. Amer. Scale.  If another type of 
classification system is used, then this scale should be submitted with the report.  
Also, a Rock Quality Designation should be done in order to determine the 
fracturing extent of the bedrock if the private well is located in bedrock. See 
Section 3.7, Rock Classification. 
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(4) The depth interval from which each water and formation sample was taken. 
 
(5) The depth at which the borehole diameter changes, if applicable. 
 
(6) Any changes in Static Water Level with well depth. 
 
(7) The number of feet drilled. 
 
(8) The number of hours on the job. 
 
(9) Any shutdowns that occurred due to equipment failure. 
 
(10) Water level in the well at the beginning and end of each shift.  In rotary 
drilling, the fluid level in the hole should be measured daily prior to starting 
pumps. 
 
(11) Water level at each change of formation if readily measurable with the 
drilling method used. 
 
(12) Any and all other pertinent information for a complete and accurate log (i.e., 
temperature, pH, and appearance [color] of any water samples taken). 
 
(13) Depth or location of any lost drilling fluid, drilling materials, or tools. 
 
(14) The depth of the surface or sanitary seal, if applicable. 
 
(15) Total depth of completed well. 
 
(16) The nominal hole diameter of the well bore above and below casing seal. 
 
(17) The quantity of cement (i.e., number of sacks) installed for the seal, if 
applicable. 
 
(18) The depth and description of the well casing. 
 
(19) The description (to include length, diameter, slot sizes, materials, and 
manufacturer) and location of well screens, or number, size, and location of 
perforations. 
 
(20) The sealing off of water-bearing strata, if any, and the exact location thereof. 
 
(21) Records of well alignment and plumbness. 
 
(22) Rate of Penetration Log:  The rate of penetration into the formation should be 
recorded when drilling the hole.  Types of bits used in addition to various 
weights applied on these bits, throughout the hole, should be submitted in this 
log.  Any other information in regard to penetration rates should also be 
included." 
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4.4-3.3 Water Quality Report, Proposed by DEP's Division of Water Supply 
 
It is recommended by DEP's Division of Water Supply that the local Board of Health 
require the well owner to submit to the Board a Water Quality Report any time a private 
water supply is tested.  The report should include: 
 
(1) who performed the sampling (i.e., the well owner, well owner's 
representative, BOH member, lab personnel); 
 
(2)   where in the system the sample was obtained (point-of-use or point-of-
entry) and, if sampled at the point-of-use, whether or not the system was 
flushed prior to sampling; 
 
(3) type of water treatment used (chemical or special device, if 
applicable); 
 
(4)  the time and date of sampling, of delivery to the laboratory, of extraction 
(or holding time - whichever is appropriate), and of sample analysis; and, 
 
(5) a copy of the laboratory's test results. 
 
Results that indicate no contamination are as important as those that indicate water 
quality problems because these results provide background data in case of future 
contamination.  A complete record of all testing results is also useful when designing 
local water quality testing programs. 
 
In these Standard References, this subject is more fully discussed in Section 6.0 
Sampling and Analysis of Ground Water Samples. 
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APPENDIX A 
 
A CHECK LIST AND AS-BUILT FORM FOR 
MONITORING WELL INSTALLATION 
 
 
1. Monitoring Well I.D. Number 
 
 I.D. Number ______________________________________________________  
 
 
2.   Property Owner 
 
Name:  
 
Address: ___________________________________________________  
__________________________________________________________  
__________________________________________________________  
 
Telephone No.: ______________________________________________  
 
Contact ____________________________________________________  
 
3. Individuals Involved in Installation 
 
Name of Drilling 
Contractor Firm: _____________________________________________  
 
 Address: _________________________________________________________  
 
 __________________________________________________________  
 
   
 
 Name of Driller: ___________________________________________________  
 
Name of 
Consultant Firm: _____________________________________________  
 
Address: ___________________________________________________  
 
 ____________________________________________________  
 
Name of Inspector ___________________________________________  
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4. Date Installed 
 
 Date:  
 
 
5. Location 
 
Town:  
 
Plot Plan Number:____________________________________________  
 
NOTE:  A copy of the plot plan map showing the well locations 
and well ID numbers must be submitted with this form. 
 
Name of Surveyor: ___________________________________________  
 
Address: ___________________________________________________  
 
___ _________________________________________________  
 
C.E. Reg. No.:___________      or RLS Reg. No. ___________________  
 
Coordinates (check one): 
 
Latitude and Longitude _________      UTM Grid ___________________  
 
N-S line:  
 
E-W line:  
 
 
6. Elevation 
 
NOTE:  All elevations must be provided as feet above Mean  
Sea Level (MSL) 
 
Reference Datum:____________________________________________  
 
Vertical Accuracy:____________________________________________  
 
Elevation, Top of Riser, uncapped ____________________________ feet 
 
Elevation, Ground Surface:__________________________________ feet 
 
Name of Surveyor: ___________________________________________  
 
Address: ___________________________________________________  
 
______________________________________________________ ____  
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 C.E. Reg. No.:__________             or RLS Reg. No.: ______________________  
 
 
7. Drilling Information 
 
Drilling Method:______________________________________________  
 
 _ 
 
Borehole Diameter:______________________________________inches 
 
Water source used:___________________________________________  
 
Water quality tested: yes___________        no _____________________  
 
Criteria for refusal: _________________________number of blow counts 
 
 
8. Geology 
 
(a)  Soil 
 
Sampling interval:_______________________________ 
 
(b)  Rock 
 
Depth to 
top of rock:  feet below ground surface 
 
(c)  Aquifer Tests 
 
Type _ 
 
Hydraulic conductivity ___________________________________ 
 
Method of Analysis _____________________________________  
 
 
9. Well Installation Details 
 
Single-level well________                     or Multi-level well _____________  
 
NOTE:  Complete sections (a) through (e) for each separate monitoring 
zone in multi-level well installations. 
 
(a) Riser pipe 
 
 I.D. __________inches 
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Material  
 
Stickup Length ___________________________________________ feet 
or 
Stickdown Length_ ________________________________________ feet 
 
Total Length of Riser Pipe __________________________________ feet 
 
(b) Well screen 
 
I.D. ___________inches 
 
Length_ feet 
 
Screen Type ________________________________________________  
 
Slot Size ___________________________________________________  
 
Sediment Trap   yes  _________  no   __________ 
if "yes," how long is the sediment trap? ____________________ inches 
 
 (c) Filter pack 
 
Quantity ___________________________________________ cubic feet 
 
Material Description __________________________________________  
 
__________________________________________________________  
 
 
(d) Divider seal 
 
Bentonite pellets placed above the filter pack? 
 
yes__________  no____________ 
 
Depth of seal below land surface: 
 
From _______  to  ________ feet 
 
Method of placement _________________________________________  
 
__________________________________________________________  
 
 
 (e) Annular seal 
 
 Type of grout slurry used ______________________________________  
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Mix ratio  
 
Method of Placement_ ________________________________________  
 
Volume______________gallons 
 
Depth below Land Surface:                   From  ____ to ____feet 
 
(f) Surface seal 
 
Type:  
 
Mix ratio:  
 
Depth below Land Surface:                From  _____ to ____ feet 
 
Apron:                 Diameter:__________________________feet 
 
                           Thickness:_______________________inches 
 
Protective casing  yes ___________  no  __________ 
or 
Road box              yes ___________  no  __________ 
 
Material: ___________________________________________________  
 
Length: _________________________________________________ feet 
 
I.D.: __________________________________________________inches 
 
 
10. Well Development 
 
Method:________________________________________________ 
 
Amount removed: ______ gallons or duration ______ hours 
 
Quality of water after development_______________________________  
 
 
11. Signature Block 
 
Prepared by:__________________________   Date ________________  
(Driller or Inspector) 
 
Submitted by:__________________________  Date ________________  
(Consultant) 
 
Property Owner:________________________  Date ________________  
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4.5  WELL DEVELOPMENT 
 
4.5-1  PURPOSE 
 
Well development is a necessary step in the completion of most ground water monitoring 
well installations. Development of a monitoring well helps to remove sediment and 
enhance the hydraulic connection between the well and the aquifer.  Regardless of the 
drilling method used in the installation of a monitoring well, all methods cause some 
alteration or rearrangement of the fill or natural soil or rock material in which the well 
screen is placed.  Since monitoring wells are installed to collect physical and chemical 
data indicative of in-situ aquifer conditions, the methods of drilling and installing wells 
should minimize the disturbance of aquifer materials that adversely impact the quality of 
the data collected.  Wells not intended for sampling, such as piezometers and 
observation wells, may not require development.   
 
The objective of well development is to enhance the hydraulic connection between the 
well screen and the natural formation or fill by removing fine soil material or drill cuttings 
and subsequently rearranging the natural or artificial sand filter pack around the well.  
Well development may increase the hydraulic conductivity in the vicinity of the well 
screen.  This should be considered when in-situ hydraulic conductivity tests are planned. 
Appropriate mechanical rearrangement of the sand or gravel pack (i.e., development) 
will allow the ground water to move through the sand pack more easily and reduce the 
amount of fines that enter the well.  Since ground water in most New England aquifers 
travels at velocities too low to retain suspended material, any turbidity associated with 
monitoring wells is likely to be an artifact of the well installation process. Well 
development can reduce this turbidity and, therefore, reduce the chance of chemical 
alteration of ground water samples caused by suspended sediments.  In addition, it can 
remove fluids introduced during drilling or installation.  In this discussion, well 
development involves preparation of the well for collection of hydrologic and chemical 
data.  If samples are collected for chemical analysis, the well must be purged prior to 
sample collection (see Section 6.0).   
 
Frequently, inadequate consideration is given to the selection of appropriate well 
development techniques and duration of development, compared with the time spent on 
selection of well materials or sampling protocols.  In order to obtain hydrologic and 
chemical data that is representative of the pre-drilling site, the hydrologic conditions in 
the vicinity of the well screen should be restored to their natural state as much as possi-
ble.  Additionally, consideration must be given to the amount of drilling water or fluid that 
was introduced into the aquifer during drilling.  If ground water flow velocities are low it 
may be desirable to remove the added drilling water in order to obtain representative 
samples for chemical analysis.   
 
Care should be taken during well development to avoid entrapping air in the formation or 
plugging well screens with fines. If additional clean water is introduced during 
development, care should be taken to make certain that the amount of water removed 
exceeds the amount that has been added.   
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The use of development methods that introduce additional water into the formation or 
that cause significant alteration of the natural materials in the vicinity of the screen may 
be undesirable for some ground water monitoring applications, such as highly 
contaminated aquifers.  If additional water is introduced during development to flush the 
screen, this volume of water must be removed as part of the development process and 
may require storage and disposal as a hazardous waste.   
 
In choosing a well development method, the purpose of the well must be considered.  
Wells used primarily for potentiometric head information can be developed by the 
introduction of clean water, since the addition of water will not jeopardize the validity of 
water level data.  However, if the primary purpose of the monitoring well is to provide 
data on groundwater chemistry, the effects of the development method on the 
contaminants and natural geochemistry must be considered.   
 
The purposes of well development are: 
 
o  to remove fluids introduced during drilling or installation.   
 
o  to reduce the amount of fine grained material entering the well from the 
surrounding formation  
 
The following section on development methodology will specifically address the 
development techniques most widely used for monitoring wells.  There are other 
techniques that are used for development of water supply wells, but they may not be 
applicable for developing monitoring wells.  The methods described are not necessarily 
appropriate for all monitoring wells.  Aquifer conditions and constraints, especially 
permeability and depth to the water table, will dictate the specific applicability of any of 
these methods.  It is expected that variations and combinations of these methods will 
probably be required at some sites.  It should be noted that all equipment placed in a 
monitoring well for development, purging or sampling should be decontaminated.  
Decontamination methods are presented in sections 6.5 and 3.3 of the Standard 
Reference Document.   
 
4.5-2  METHODOLOGY 
 
Well development can be performed using a variety of methods and equipment.  The 
specific method chosen for development of any given well is governed by the purpose of 
the well, well diameter and material, depth, accessibility, geologic conditions, static water 
level in the well, and the type of contaminants present, if any.  Any of the development 
methods discussed in this section can result in overdevelopment.  Monitoring wells 
should be developed only to the point that enables them to function for their intended 
purpose.  The most technically feasible and commonly used methods for developing 
monitoring wells include: 
 
o Over-pumping 
o Backwashing (or rawhiding) 
o Mechanical surging 
o Air-lift pumping 
o Water jetting 
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Bailing is a technique that is not generally recommended for well development, because 
it is slow and not effective in adequately removing suspended sediment.  Bailing is 
generally used for ground water sampling and sometimes for purging wells prior to 
sampling.   
 
4.5-2.1  Over-pumping 
 
Over-pumping a well involves pumping at a faster rate than the well would normally be 
pumped or purged for sample collection.  This is one of the easiest and most common 
methods of well development.   
 
Theoretically, overpumping increases the hydraulic gradient near the well by drawing the 
water level down to as low a level as possible.  The steepened hydraulic gradient 
increases the velocity of the ground water moving through the screen into the well.  The 
increased velocity will move residual fine soil or rock particles into the well and clear the 
well screen of this material. Care must be taken not to entrap air into the formation 
around the screen during development.  This can be prevented by not lowering the water 
level outside the well below the bentonite/cement seal.   
 
This method of over-pumping is best suited to aquifers comprised of sands and gravels 
or high-yielding consolidated rock with shallow water tables.  The suction line, pump, or 
bailer is lowered into the well and water is removed.  If the permeability of the formation 
is sufficiently high, repositioning of the pump or line intake within the screen may be re-
quired to pull material into the well along the entire length of the screen.   
 
Typical problems encountered using this method are the lack of effective pumping 
devices that will fit within a 2-inch diameter monitoring well and produce satisfactory 
pumping rates.  Above-ground peristaltic/centrifugal pumps are effective when the water 
level is within 15 to 20 feet of the ground surface.  If the ground water contains 
hazardous constituents, pumping large volumes of contaminated water may pose 
disposal problems.   
 
4.5-2.1.1  Advantages and Disadvantages 
 
 (a) Advantages 
 
o Useful in wells with shallow water-levels (less than 25 feet deep) where a 
suction line can be used.  
  
o Relatively simple procedure. 
 
o Most drill rigs will have the capability of pumping at a high rate at depths 
of 10 to 15 feet or less.   
 
 (b) Disadvantages 
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o If the permeability is quite high or quite variable, only a section of the 
screened zone may actually be developed, especially in wells with long 
screens.   
 
o Over-pumping may compact finer sediments around borehole and screen, 
restricting groundwater flow into the screen   If this happens it may be 
very difficult to correct.   
 
o May result in an unstable formation around the well screen (i.e., bridging 
of fines may allow formation of voids around coarser-grained material).   
 
o At contaminated sites over-pumping may produce a large volume of 
contaminated discharge water that must be disposed of as a hazardous 
waste.   
 
4.5-2.2  Backwashing (Rawhiding) 
 
Unfortunately, overpumping alone may not adequately develop most monitoring wells.  
Pulling water toward the screen without some return of water into the formation may 
result in bridging of the soil or rock particles around the screen.  This bridging may 
continue until the pumping is stopped.  Once pumping has stopped, the flow may 
reverse and unseat the bridged particles.  The fines may re-enter and settle into the well 
until the next time it is pumped.  A modification to the over-pumping technique that 
increases the effectiveness of development is called surging and pumping, rawhiding or 
backwashing.   
 
In this method a pump is used to lower the water level in the well, thereby increasing the 
ground water velocity entering the screen.  However, after drawdown is achieved, the 
pump is turned off and the water in the pump discharge line is allowed to re-enter the 
well.  This reversal of flow through the screen will help prevent bridging and reduce the 
suspended fines that may re-enter the well screen.  The equipment used for this method 
is the same as in over-pumping with similar operational techniques.  A problem with this 
method is that it tends to develop the most permeable zones within the screened portion 
of the well. This method should be used with caution in wells intended for sampling 
because it introduces and recycles water into the formation. In order to ensure that 
representative water samples are collected, more water should be withdrawn from the 
formation than is introduced.  Surging and pumping may be the most appropriate 
technique if short well screens (e.g., 5-foot or less) are installed in relatively 
homogeneous aquifer materials.  Because the geology is relatively uniform, this 
technique will develop the entire monitored zone.   
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4.5-2.2.1  Advantages and Disadvantages 
 
 (a) Advantages 
 
o Will help reduce bridging of fines around the well screen. 
 
o Effective for short screens (5-foot or less) located in homogenous 
aquifers.  
 
 (b) Disadvantages 
 
o May overdevelop the more permeable zones, leaving a portion of the 
well undeveloped.   
 
o If the screened zone is highly contaminated, backwashing may cause 
mixing of the contaminants.   
 
4.5-2.3  Mechanical Surging 
 
Another method occasionally used to develop monitoring wells is surging.  This 
technique employs a tool called a surge block, commonly found on a cable tool rig.  This 
device first forces water within the well through the well screen and out into the 
formation, and then pulls water back through the screen into the well along with fine soil 
or rock particles.  Surge blocks are usually fabricated for specific well applications.  A 
typical surge block construction detail and application is shown in Figures 4.5-1 and 4.5-
2.   
 
The surge block is typically attached to a drill rod, drill stem, or line that has sufficient 
weight to allow the surge block to rapidly drop through the water column.  The surging 
action should start at a slow pace, near the water level within the well and progress to a 
faster pace near the well screen.  Surging action can be carried out within the well 
screen if adequate measures are taken to clean out accumulated silt or material prior to 
surging.  Otherwise, the fines may be forced out through the well screen into the 
surrounding filter pack.  Accumulated material may also bind or lock the surge block in 
place if precleaning is not performed.  Periodic bailing or pumping of the soil or rock 
particles is necessary regardless of the location of the surging within the well.   
 
A typical surge block has approximately 1/4-inch clearance between the flexible leather 
or rubber discs and the inside of the well casing.  Violent or too rapid surging in a well 
situated in a low permeability formation may damage the well.  Variations in surge block 
construction involve the addition of flap valves to allow some water and silts to pass 
through the block rather than between the block and wall of the well.  Additionally, check 
valves can be added to the surge block to allow removal of development water and 
associated silts.  After surging, additional development can be performed, if desired, 
using the rawhiding or backflushing techniques previously described.   
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4.5-2.3.1  Advantages and Disadvantages 
 
 (a) Advantages 
 
o Gentle surging combined with gentle pumping through the center of the 
surge block has been very successful for development in formations 
containing a considerable amount of fine material.   
 
o Inexpensive and relatively simple tool.   
 
o Effective in wells installed in highly permeable homogenous formations.   
o Does not require the addition or withdrawal of substantial volumes of 
discharge water except for flushing.   
 
 (b) Disadvantages 
 
o Vigorous surging may damage non-metallic well screens.   
 
o May cause the formation around the screen to become clogged by 
pushing fines back into the formation, reducing flow into the well.   
 
o If the surge block fits too tightly into the well casing, the surge block can 
damage the well screen.   
 
o May remove sufficient formation material outside and above the well 
screen causing the seal to collapse, resulting in infiltration of overlying 
aquifer material.   
 
4.5-2.4  Air-surging and Air-lift Pumping 
 
Air development involves the use of air pressure to remove water from a well.  Two basic 
techniques are air-surging and air-lift pumping.  
 
4.5-2.4.1  Air-surging 
 
Although air-surging is described, it is not recommended for monitoring well 
development.  In air-surging development, compressed air is blown into the well to force 
water and soil or rock particles out of the well under pressure.  This technique removes 
soil or rock accumulations from a well but has the potential to trap air in the formation 
pore spaces or fractures.  If air is entrapped it may inhibit the flow of ground water into 
the well.   
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4.5-2.4.2  Air-lift Pumping 
 
Air-lift pumping is similar to air-surging but this technique does not allow air to pass 
through the well screen.  With this technique compressed air is introduced into the well 
through a small tube in the base of an eductor pipe that has been lowered to the base of 
the well.  The air displaces the water in the eductor tube, causing the water to flow into 
the eductor tube and be discharged at the surface.   
 
For development by this method to be successful, it is necessary to have a ratio of 
submergence of at least 60 percent.  That is, the water must rise high enough in the well 
so that it is possible to have 60 percent of the airline and eductor hose in the well under 
water.  The distance the line is under water should be divided by the total length of line 
in the well, and then multiplied by 100.  This will yield the percentage of submergence.  
For example, if a 170-foot airline is under water 110 feet, the submergence is calculated 
as follows:   
 
 
    110   x  100  =  0.647 x 100 = 64.7% 
    170 
 
A typical air-lift system consists of two small-diameter tubes: one is a small tube attached 
to an air compressor and the other larger tube acts as the water discharge.  The air tube is 
attached to the eductor tube and terminates inside and facing upward within the eductor 
tube (see Figure 4.5-3).  Portable air compressors with a range from 40 to 100 psi at 5 to 
15 cfm are typically used for well development.  If possible, an oil-less compressor should 
be used; otherwise a hydrocarbon filter should be attached to the discharge line on the air 
compressor to filter out any airborne oils produced by the compressor.  Compressed air is 
slowly added to the system until water and silt flow out of the discharge tube.  Use of 
nitrogen gas, rather than compressed air, may be desirable because accidental 
introduction of nitrogen gas into the well is less likely to affect the water quality than the 
compressed air.  
 
This development method is similar in function to the over-pumping technique discussed in 
Section 4.5-2.1.  The advantage of the air-lift system is that wells with very deep static 
water levels or wells installed in silty aquifer materials can be easily developed.  This 
system can be built to fit within a 2-inch diameter well; it is easily installed and operated.  
However, air-lift pumping without backflushing still creates the potential for bridging around 
the screen.  A combination of air-lift pumping with backflushing should result in effective 
development of most monitoring wells.  This method can be conveniently performed by 
first pumping and then shutting off the air to allow the rising water column to fall back down 
the discharge pipe.  As with any development system, extreme care should be taken not 
to introduce air or highly aerated water into the formation as this may alter the water 
quality, permeability and geochemistry in the vicinity of the well.   
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(a)  Advantages and Disadvantages 
 
 (1) Advantages 
 
o Effective in wells with deep static water levels and in wells containing a lot 
of clays and silts  
 
o Effective in small diameter wells.   
 
o Capability to pump and surge without removing the equipment.   
 
o A drill rig is not required for this method.   
 
o Can control pumping rate by controlling air-flow.   
 
 (2) Disadvantages 
 
o May force air into the formation, which may lead to air locking of the 
formation, affecting permeability, water quality and the flow of water to the 
well.   
 
o Generally, only low flow rates (e.g., 1 to 2 gpm) are possible.   
 
o May not be effective in wells with less than 30- or 40-feet of standing water. 
 
4.5-2.5  Water Jetting 
 
High velocity water jetting is a rarely used but effective technique for development of wells 
installed in highly permeable aquifers.  Jetting consists of the discharge around the well 
screen of horizontal jets of water under high pressure.  The water jets act to dislodge soil 
or rock particles near the well screen and break up any dense soil or filter cake caused by 
mud rotary or auger drilling.  Both auguring and mud rotary drilling methods tend to 
develop a filter cake or dense soil or rock layer on the borehole wall. Unless removed, this 
layer can alter the natural permeability of the aquifer.  In order to be effective in developing 
the well, water jetting must be accompanied by pumping or air-lifting to remove the fines. 
Again, this development method should be used with caution to avoid damaging the 
screen or developing voids in the filter pack surrounding the screen.   
 
4.5-2.5.1  Advantages and Disadvantages 
 
 (a) Advantages 
 
o Effective in highly stratified, unconsolidated formations. 
o Can be accomplished with most drill rigs.   
o Entire section of screened zoned can be developed.   
 
 (b) Disadvantages 
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o Introduces water into the formation.   
o Requires equipment that may not fit into a 2-inch diameter well.   
o More time-consuming than other methods.   
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 4.6  DECOMMISSIONING OF MONITORING WELLS 
 
4.6-1  PURPOSE 
 
Any abandoned monitoring well that is no longer in use or that is unfit for its intended 
purposes should be decommissioned.  Plugging the well and surface restoration are the 
central features of the decommissioning process.  Plugging consists of constructing a 
low permeability cylinder or plug within that portion of the subsurface occupied by the 
well and its annulus, including the uncased portion of bedrock wells as well as the cased 
portion.  Surface restoration consists of the removal of the upper three to four feet of the 
well and backfilling the area with an effective seal.  An abandoned monitoring well has 
been defined for the purpose of these Standard References (SRs) as "a well whose use 
has been permanently discontinued; as used in these References it includes a monitor-
ing well, piezometer, or observation well that is no longer suitable for use either for 
water-level measurements or water quality sampling."   
 
Proper plugging of such wells will:   
 
o Eliminate physical hazards 
 
o Prevent ground water contamination 
 
o Conserve the yield and hydrostatic head of confined aquifers  
 
o Prevent the intermingling of potable and non-potable ground water, and 
 
o Prevent the migration of contamination through a confining layer separating 
aquifers.   
 
It should be noted that the objective in Massachusetts differs markedly from the goals 
established by the American Water Works Association and the statutes, regulations, or 
guidelines of most other states.  Many documents contain the following language:  "The 
basic concept of proper sealing of abandoned wells is restoration, as far as feasible, of 
the controlling hydrogeological conditions that existed before the well was drilled and 
constructed.  If this restoration can be accomplished, all the objectives of plugging wells 
will be adequately fulfilled."  To accomplish this goal some states have suggested the 
placement of sand and gravel opposite the more permeable subsurface zones and clay 
opposite less permeable zones.  While that goal is an admirable one, it is also one 
which, in DEP's opinion, is unattainable in practice.  In order to meet the objectives of 
proper plugging as stated above, DEP has tried to develop a simple, workable approach 
that will solve the existing and potential problems from unsafe abandoned wells.   
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Some examples of the types of unsafe wells that may cause problems include:   
 
o Buried uncapped wells:  contaminants may enter the well through the buried top 
of the casing, travel down the well casing, and enter the aquifer through the well 
screen and wall of the annulus;  
 
o Wells with cracked or corroded casing:  surface water may enter the well; 
 
o Improperly constructed wells:  an unsealed or improperly sealed annular space 
around the outside of a well casing or between an inner and outer casing may 
serve as a channel for surface water to migrate into an aquifer and/or ground 
water may be transferred from one aquifer to another; 
 
o Open hole wells in bedrock:  may serve to interconnect aquifers in different 
formations; 
 
o Unplugged abandoned flowing artesian wells:  this can result in a loss of water, 
reduction of regional artesian head and localized surface flooding; and 
 
o Uncovered and unplugged abandoned wells with large inside diameter:  these 
may represent a physical hazard to human beings and animals, as well as a 
disposal receptacle for contaminants, waste, and debris.   
 
4.6-2  PRELIMINARY WORK TO BE PERFORMED BEFORE UNDERTAKING 
       WELL PLUGGING 
 
4.6-2.1  Who Can Perform Proper Well Decommissioning? 
 
One should be a registered well driller in Massachusetts or a person knowledgeable with 
the installation of wells in order to decommission them.  There is no nationally 
recognized or state-approved examination or certification process for well 
decommissioning and plugging.  However, it is obvious that a well contractor or person 
who is familiar with well construction and the geologic conditions of the region is 
preferable to a person who does not routinely perform such work.  If the existing well 
must be "over drilled" then a registered Massachusetts well driller must perform the 
work.  It is expected that an experienced well contractor will be familiar with the correct 
procedures to follow.  That experience should provide substantial savings to the property 
owner in the long run.   
 
The property owner should ask the well contractor about his qualifications.  Some drillers 
or contractors specialize in rock wells; others in overburden wells.  Some have worked 
extensively with multi-level wells at sites with contaminated ground water; others have 
only worked with single-level, cased water wells.   
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4.6-2.2  Location and Inspection 
 
Locating the abandoned well is the first step in decommissioning.  While some wells are 
easily located, others may be buried or otherwise concealed.  It may be possible to find 
the location of abandoned wells through contact with past land owners, occupants, 
retired workers, neighbors, or well contractors.  Regulatory officials and hydrogeologic 
reports may have useful information.  The well records maintained by the United States 
Geological Survey (USGS), Water Supply Division, Massachusetts Section, with 
headquarters in Marlborough, Massachusetts, all have been assigned coordinates of 
latitude and longitude.  For well locations, historic documents may be used, such as 
aerial photo and assessing maps, insurance company maps or photographs.  Metal 
detectors may be of value in locating buried metal casings.   
 
Obtaining accurate information on the well's original construction and present condition 
is the next step in decommissioning.  This information is best obtained from monitoring 
well drilling records.  Recent well records may be obtained from local Boards of Health, 
the Water Resources Division of the Department of Environmental Management (DEM), 
USGS Water Resources Division, or DEP.   
 
Next a site inspection is necessary to ascertain the condition of the well and to note if the 
well is accessible, located in a pit or buried, if a dedicated pump is in place, or if the well 
is currently operating.  The inspection should also note if the well has been damaged or 
obstructed.  A downhole TV camera survey can sometimes provide valuable information 
as it can verify the current well depth, condition, construction, and the presence or 
absence of well casing in rock wells.   
 
4.6-2.3  Clearing the Well 
 
Decommissioning a well starts with removal of any obstructions, such as drop pipes, 
check valves and pumps, and clearing any obstacles or debris that may have entered 
the well.   
 
When the well is obstructed by pumps or other equipment have been dropped down the 
well, the debris must be removed or "fished" out before the well can be sealed.  A variety 
of fishing tools are used to remove obstructions.  Threaded taps on the end of a drill rod 
may be run into the hole in an attempt to screw into the top of a pump or drop pipe.  
Another type of equipment used is an "over shot" (a casing with inner teeth that is run 
over the obstacle to be removed).  Corkscrews and spears also have been used to hook 
the obstacle for removal.   
 
In some instances the driller may chop or grind up the obstacles in an attempt to clear 
the well.  Debris or other materials such as rock, sand, clay, stones, and wood is usually 
drilled out or washed out of the hole.  This technique appears to be suitable for 
destroying multi-level wells installed within a single borehole.   
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4.6-2.4  Casing Removal or Destruction 
 
Assuming the original well did not have an adequate seal in the annular space outside 
the well casing, in most cases the original well casing should be destroyed in place or 
pulled out of the ground. 
 
However, if the As-Built Notes and Records indicate that the annular space contains an 
adequate seal, this information should enable the well contractor to design a simpler and 
less costly decommissioning procedure.  The procedure should not require destruction 
or removal of the entire well casing, but would require adequate perforation of any well 
screen to allow the grout to penetrate the filter pack.  Insert neat cement grout (or its 
equivalent) into the uncased portion of a bedrock well or into the filter pack around the 
well screen and fill the riser pipe with the same grout material.  Figures 4.6-1 through 
4.6-3 show the zones to be plugged through the well riser for three types of well 
installation where the annular space contains an adequate seal.  Terminate the well 
casing at a minimum of 3 to 4 feet below the land surface or at the water table, which 
ever is encountered first. Finally, finish off the well at the land surface in a manner as 
described in Section 4.6-4.  Figures 4.6-1 through 4.6-3 also show the zones to be 
prepared for a new surface finish.  This procedure is appropriate for monitoring wells 
installed under all types of hydrogeologic conditions.   
 
In instances where a well has penetrated a confining layer separating aquifers and there 
is no evidence that the annular space around the casing was adequately sealed during 
installation, the most conservative approach is to destroy or remove the casing by over 
drilling.  Simply pulling the casing in this situation may result in the collapse of the 
formation before an adequate seal can be placed across the confining layer.  The 
easiest way to over drill and keep the cutting bit in line with the hole (rather than straying 
off the hole) would be to spin casing over and around the existing observation well.  The 
observation well will help hold the casing in line with the borehole as opposed to roller-
bitting operations where an in-place casing will tend to deflect the cutting bit.  Augers 
would probably also work in lieu of spinning casing, but spinning casing would probably 
be better as it is less likely to damage the observation well and, therefore, continue down 
the hole rather than veering off.   
 
If, however, vertical contaminant migration across aquifers is not a concern, such as a 
shallow (15-30 feet) water table well in glacial sands and gravels, a choice may be made 
to either over drill the well, pull the well casing out of the ground or to plug the well in 
place.  In this case, the presence or absence of annular seal is not a factor.  If attempts 
are made to pull the casing out of the ground and the hole collapses, care must be taken 
to compact the materials in the hole to avoid future subsidence at the surface.  
Regardless of which method is chosen, the most important consideration is to seal the 
well from possible surface infiltration.  This is accomplished by plugging the well/boring 
(Section 4.6-3) and terminating the well 3 to 4 feet below grade then backfilling with 
concrete or other appropriate seal (Section 4.6-4).  
 
If asbestos well casing is encountered or suspected, plugging the well is the only choice. 
No attempt should be made to destroy or remove this material from the ground as the 
risk of creating a friable asbestos problem outweighs the potential negative impact from 
the well. 
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4.6-3  PLUGGING THE WELL 
 
Neat cement (or its equivalent) should be inserted into the open portion of the well bore, 
whether the opening is in bedrock or overburden.  As noted above, special care must be 
exercised if the well penetrates a confined aquifer.  The low permeability layer that 
creates the confined aquifer must be sealed so that there is no chance of leakage 
between aquifers.  If the hydrostatic head is large, this may present an extreme 
challenge to the well contractors.   
 
4.6-3.1  Grouting Material 
 
There are a large number of grouts available that can be used to plug abandoned wells. 
Each grout has certain special characteristics and distinctive properties.  Therefore, one 
grout may be especially suited for doing a particular job.  The selection of the most 
appropriate material or combination of materials is dependant on the construction of the 
well, the nature of the formation penetrated, the material and equipment available, the 
location of the well with respect to sources of contamination, and the cost of doing the 
work.   
 
At the present time, a neat cement grout possesses most of the advantages that DEP 
looks for in a plug for abandoned wells where the grout will be inserted through the well 
riser.  It may be used as grout for abandoned wells installed in all geologic formations.  
Neat cement is superior for sealing small openings, for penetrating any annular space 
outside of casings, and for filling voids in the surrounding formation.  When applied 
under pressure, it is strongly favored for sealing wells under artesian pressure or those 
encountering more than one aquifer.  Neat cement is also superior to other grouts as it 
avoids the danger of separation. 
 
The use of bentonite pellets to plug the saturated portions of a well with a neat cement 
plug above is an acceptable but, less satisfactory method.  The use of bentonite pellets 
is recommended solely for plugging shallow (15-30 feet) water table wells in highly 
permeable aquifers where there is no threat of vertical migration of contamination and 
where bridging is less likely.  Care must be taken to compact the bentonite to avoid 
bridging of the pellets in the casing.  See Section 4.2 Specifications for Wells, Screen, 
Filters, and Seals, for a more thorough treatment of this subject.   
 
If the original well was not properly sealed or if there is not sufficient information 
available to determine whether a well was properly sealed, the most appropriate grout 
for such purposes appears to be a bentonite/cement grout, such as is recommended in 
Section 3.9 Plugging Boreholes.   
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4.6-3.2  Grout Placement 
 
After clearing of the well bore, the well is ready for sealing.  Grout slurries must be 
placed from the bottom to the top and not from the top to the bottom.  In other words, 
slurries cannot be poured from the land surface into the borehole, annular space, or well 
to be sealed.  When grout is placed at the bottom of the space to be grouted and finally 
appears at the surface or top, the integrity of the plug is assured.  Methods involving 
pouring grout from the surface into the annular space are not reliable because bridging 
may occur and the depth of grout descent cannot be easily verified.  However, pouring 
grout through a tremie tube is sometimes a satisfactory alternative to pumping through a 
tremie tube.  An improperly sealed well may be as much a threat to ground water quality 
as an unsealed well.   
 
The well contractor should calculate the volume of slurry that will be needed as 
described below in Section 4.6-3.3.  He should have enough mixed slurry ready for 
placement so that it will not be necessary to stop the grouting process in order to 
prepare more slurry.  Due to borehole irregularities, it is advisable to have on hand 25 to 
50% more slurry than the calculated volume.   
 
Grouting methods are discussed in detail in Section 4.3, Installation of Monitoring Wells. 
The grout pipe (or tremie pipe) method, either with or without a grout pump, appears to 
be a method of grout placement that will achieve all the objectives of the well plugging 
program.   
 
A vigorous preventative maintenance program for mixing and pumping equipment, 
compressors, hoses and fittings, is essential.  This includes adequate cleanup of 
equipment after each grout job.  Failure of equipment in the field can result in: waste of 
grouting material, lost labor and equipment costs, property damage, contamination of the 
grout, and/or an unsuccessful or incomplete grout job.   
 
4.6-3.3  Calculations and Measurements 
 
To assure that a well is properly plugged and that there has been no bridging of the 
material, verification calculations and measurements are made by the well contractor to 
determine whether the volume of material placed in the well equals or exceeds the 
volume of the casing or the hole that has been plugged and/or filled.  Some useful 
formulas for calculating well volumes are shown below: 
 
o Gallons per 100 feet = 4.08 x (Inside Hole or Casing Diameter)2 
 
o Cubic feet of grout per 100 feet = 0.55 x (Inside Hole or Casing Diameter)2 
 
o 7.48 gallons = 1 cubic foot 
 
o 202.0 gallons = 1 cubic yard 
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4.6-4  FINAL SURFACE FINISH 
 
The contractor should return to the well no sooner than 24 hours after sealing to allow 
time for settlement. A proper surface seal is the final step in decommissioning a well. 
Where a concrete surface seal is appropriate, the remaining 3 to 4 feet at the top of the 
well should be filled with concrete.  Form the top to create a concrete slab at least six 
inches thick above grade, and with a diameter at least two feet greater than the borehole 
wall.  This procedure is more fully described in Section 4.3 Installation of Wells. 
 
Where a concrete surface seal is not compatible with the existing land-uses (i.e., 
agriculture, shopping malls, residential areas, etc.) the borehole or well riser should be 
terminated with a minimum 1-foot thick concrete plug.  The remaining 3 to 4 foot portion 
of the borehole should be filled to grade with materials compatible with the abutting land 
surface and properly compacted to minimize subsidence.   
 
4.6-5  RECORD OF DECOMMISSIONING 
 
Complete, accurate records of the entire decommissioning procedure should be 
maintained by the property owner and well contractor.  The following items are 
especially noteworthy:   
 
o Depth sealed  The depth of all plugging materials should be recorded.   
 
o Quantity of sealing material used  The quantity of sealing material used should 
be recorded.  Measurements of static levels and depths should be recorded.   
 
o Changes recorded  Any changes in the well made during the plugging, such as 
perforating casing, should be recorded in detail.   
 
Examples of Abandoned Well Reports required by the states of Minnesota and Iowa are 
included as Figures 4.6-4 and 4.6-5.   
 
4.6-6  PROHIBITIONS 
 
The use of explosives in well-plugging operations is strictly prohibited.    
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 5.1  WATER LEVEL MEASUREMENTS 
 
5.1-1  PURPOSE 
 
Accurate water-level measurements are essential data in any hydrogeologic investigation.  
Water-level measurements are taken to determine the elevation of the potentiometric 
surface in a monitoring well, observation well or piezometer at a particular point in time.  
Single-event measurements, multiple-time measurements, or continuous-time 
measurements may be taken.  Water-level data can be used to determine the following:   
 
o Water levels prior to water quality sampling 
o Horizontal and vertical ground water gradients 
o Aquifer characteristics from measurements during slug and pump tests 
o Aquifer response to rainfall, barometric and tidal influences 
o Aquifer response to pumping or other outside influences 
o Direction of ground water flow under pumping and non-pumping conditions 
o Local and regional changes in ground water levels 
 
5.1-2  GENERAL CONSIDERATIONS 
 
5.1-2.1  Measuring Point 
 
A measuring point for all water-level measurements must be established and consistently 
maintained as a reference point on a monitoring well.  The reference point should be 
stable and have a professionally surveyed elevation.  The top of the well casing (riser) 
should always be used as the permanent reference point.  The top of the riser is preferred 
over the top of protective casing because the protective casing is more susceptible to 
movement through settling, heaving, or displacement by impact.  The reference points for 
both the top of riser and protective casing should be indicated with a permanent mark or 
notch to ensure consistent measurements.  Reference points must be related to Mean 
Sea Level (see Section 5.5) to ensure correlation between sites.   
 
In addition to measuring the depth to water from the top of the well riser, it is 
recommended that one measure the difference between the top of riser and top of the 
protective casing.  If changes are noted with time, it is an indication that one of the 
reference points has moved.  If there has been considerable activity (such as construction 
or filling) or a change is detected in the distance between the riser and protective casing 
reference marks, a re-survey is the only sure way of knowing that the elevations are still 
accurate.   
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5.1-2.2  Records 
 
Manual water-level measurements should be recorded on a water-level data sheet similar 
to that shown on Figure 5.1-1.  The unique well number, date, time, and depth to water 
should be recorded for each measurement.  Measurements should be recorded in feet 
and tenths and hundredths of a foot, not inches and fractions.   
 
The form should be drafted so that there is room for both permanent and temporary data.  
Permanent data include such items as unique well identification number, geographical 
coordinates, site address, location of measuring point, surveyed elevation of the 
measuring point, depth to the bottom of the well, type of well screen, length of screened 
interval, presence or absence of contamination, inside diameter of the well screen and 
riser, and hydraulic conductivity of the formation opposite the well screen.  Temporary data 
include observations about the condition of the well, such as, volatile organic analyzer 
(VOA) readings, the measurement of the depth of the water level in the well, the elevation 
of the water level (MSL), the type of measuring device used, the data and time the 
readings were taken, and the name of the person taking the measurements.  In addition, 
recording the difference in elevation between the top of riser and protective casing is 
recommended to verify that the reference marks are stable.     
 
5.1-3  INSTRUMENTS 
 
5.1-3.1  Weighted Tape (Plunker) 
 
A plunker usually consists of a small weighted metal cylinder with a concave undersurface.  
When this concave surface hits the water, it produces a "plopping" sound.  By lowering the 
plunker in the well with a gentle up-and-down motion, the water surface can be 
determined.  Usually the plunker is attached to a 100-foot steel or fiberglass measuring 
tape.  A direct reading of the depth to water can be obtained if the tape has been 
shortened a distance equal to the length of the plunker.   
 
If a permanent adjustment has not been made to the tape, it is not possible to obtain a 
direct measurement of the water level.  With an unadjusted tape a compensating 
calculation must be made each time, to add the distance between the tape and the end of 
the plunker to the depth measured directly from the tape.  The accuracy of this method is 
approximately 0.05-0.1 foot.  If a steel tape is used, the weight of the plunker should be 
adjusted to offset the weight of a long tape.   
 
Advantages 
 
o Simple to operate.  
o Simple and inexpensive to construct; can be dedicated to a well.  
o Generally unaffected by most ground water contaminants.  
o With tape modification it provides a direct reading of depth to water.  
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Disadvantages 
 
o Not suitable for deep measurements (i.e., over 100 feet).  
 
o Not suitable when ambient noise levels are high (e.g., pumps or drill rigs 
operating nearby).  
 
o Not suitable if the well contains dampening substances (e.g., high percentage 
of sediments or viscous liquids).  
 
o Unadjusted tape is a potential source of error. 
 
o Very difficult to hear "plop" when the top of water is in the screened section.   
o Not suitable for determining thickness of floating fluid.   
 
o Fiberglass tapes may stretch, providing inconsistent readings.   
 
o Unless treaded with teflon the fiberglass tape may stick to casing.   
 
5.1-3.2  Chalked Tape 
 
This method is not recommended in wells that are also being used for water quality 
sampling due to the fact that the chalk may introduce impurities into the well.   
 
A steel or fiberglass tape coated with chalk with a small diameter weight attached to the 
end can be used to obtain water-level measurements in a well.  The lower 3 to 4 feet of 
the tape is rubbed with chalk, and the tape is lowered into the well until the lower part is 
submerged and an even foot mark is at the measuring point on the well.  The length of the 
wetted section of the chalked tape is subtracted from the total tape measurement to obtain 
the depth to water.  The accuracy of the chalked tape device is on the order of 0.05 foot.   
 
Chemically sensitive chalks or coatings can be used to determine the presence and 
thickness of fluids other than water, such as gasoline.  These substances can be spread 
on a coated steel tape and the depth and thickness of the substances can be determined 
from the color change on the tape.   
 
Advantages 
 
o Simple, easy to operate. 
o Not subject to mechanical or electrical failure. 
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Disadvantages 
 
o Dripping water and condensation can result in erroneous readings.  
 
o Chalk may introduce unacceptable impurities into the water. 
 
o Requires subtracting the wetted length for total measurement - not a direct 
reading method.   
 
5.1-3.3  Electrical Tapes 
 
Electrical water-level tapes are based on the principle that once the probe (consisting of 
two unconnected wires located on the end of the tape) is immersed, an electrical circuit is 
completed and a buzzer and/or a light is activated.  Electrical water-level tapes are usually 
marked in one- to five-foot intervals.  Therefore, the intermediate distance must be 
measured with a ruler to determine the actual depth to water.  A few instruments recently 
introduced and commercially available are fully marked, allowing for a direct measurement 
in feet or meters.  Accuracy of this method is approximately 0.05 feet.   
 
Advantages 
 
o Small diameter (¼- to ½-inch) cable and probe is capable of measurements in 
small diameter piezometers.   
 
o Relatively simple to operate.  
 
o Multiple readings during slug and pump tests are possible without removing 
tape from the well.   
 
o The individual tape length is the only depth limitation.  
 
o Background noise is not a problem. 
 
Disadvantages 
 
o Dripping water or condensation on the sides of the well riser can result in 
erroneous readings. 
 
o The tape may become kinked and will not hang straight in a well, producing 
inaccurate readings. 
 
o If the tape requires a manual measurement between markings, it is subject to 
error; it may not be suitable where fast measurements are required. 
 
o The instrument is subject to electrical malfunction (e.g., dead batteries or cable 
breaks); also, one-foot markings may shift, resulting in inaccurate readings. 
 
o Not suitable for wells with PCBs or other di-electric fluids. 
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5.1-3.4 Transducer 
 
A pressure-sensitive transducer can be used to measure water levels in a well.  
Transducers displace water when they are lowered into a well.  One must be sure to allow 
adequate time for the water level to equilibrate.  The pressure transducer produces an 
electrical signal (voltage or amps) proportional to the height of the water column above the 
transducer.  The pressure is recorded in pounds per square inch (psi) which can then be 
converted to feet of water.  A display meter, data logger, recorder, or similar instrument 
must be used to interpret the transducer signal.  The output may be displayed on a meter, 
recorded on a chart, or fed directly into computer memory for later data reduction.  
Transducers are particularly suitable for slug tests or pump tests where frequent, rapid 
readings or long-term measurements are desirable.  The accuracy of the water-level 
measurements depends on the type of data logging instrument used, and the psi range of 
the transducer (e.g., 10, 25, or 50 psi).  Accuracy, usually 0.1 percent of full scales, ranges 
from 0.01 to 0.2 feet for most common transducer ranges.  The data generated is 
referenced to the elevation (i.e., depth below a reference mark) of the transducer.  The 
position (i.e., depth or elevation of the transducer) must be calculated for each well or 
testing event.   
 
Advantages 
 
o Continuous and rapid readings possible. 
 
o Can operate remotely for long periods of time. 
 
o Can provide for direct access to the data on a computer. 
 
o Length of the individual transducer cable and the transducer pressure range is 
the only depth limitation. 
 
Disadvantages 
 
o Equipment is expensive. 
 
o Operation is moderately complex and sophisticated. 
 
o Subject to electronic failure or data transmission loss. 
 
o Some instruments are not weatherproof and require special protection from 
inclement weather.   
 
o Subject to reduced accuracy if not checked regularly and calibrated properly. 
 
o May not be resistant to certain chemicals. 
 
o Voltage must be held constant.   
 
o Will give inaccurate readings if not vented to compensate for barometric 
pressure changes.  
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o Use over long periods must account for changes in atmospheric pressure.   
 
o Probe constants are determined for water, which has a specific gravity of 1.0.  
False readings may be obtained or compensating adjustments must be made 
for substances with a specific gravity less than or greater than 1.   
 
o If a data logger is dedicated to a particular well, it may be conspicuous and 
encourage vandalism.   
 
5.1-3.5  Acoustic Well Probe 
 
Acoustic well probes operate on the same theory as sonar or similar sonic depth-finding 
devices.  Acoustic well probes use ultrasonic sensors or transducers to transmit a signal 
and record the amount of time it takes for the reflected signal to return to the sensor.  This 
information can then be translated into depth to water.  Accuracy reportedly ranges from 
0.5 to 1.0 feet for different models commercially available.  This level of accuracy may be 
unacceptable for many projects.   
 
Advantages 
 
o Probes do not contact liquid; therefore, they are particularly suitable for highly 
contaminated environments, or highly viscous contaminants. 
 
o Eliminates the potential for cross-contamination between wells. 
 
Disadvantages 
 
o Equipment is expensive, relatively new and untested. 
o Operation is moderately complex and sophisticated.   
o Accuracy may be influenced by temperature changes. 
o Accuracy may not be adequate for many applications. 
 
5.1-3.6  Continuous Water-level Chart Recorder 
 
A continuous chart recorder can be used to record water levels over periods of time 
ranging from 4 hours to 32 days.  Typically, the recorder consists of a float mechanism 
attached to a drum chart recorder.  The relative level of the float is recorded on the chart 
for the time period specified.  The final chart is a plot of relative water levels versus time.   
 
Recently, quartz clocks have replaced the original key-wound clocks in these recorders, 
increasing the reliability of the instrument.  Continuous chart recorders were originally 
designed for surface water monitoring, such as stream gauging, but they have been 
adapted to ground water monitoring by the use of small-diameter floats.  More 
sophisticated systems are capable of translating the data into digital information and 
transmitting the data to a distant receptor.   
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Advantages 
 
o Provides almost continuous water-level record. 
o Accurate from 0.01 to 0.05 feet. 
o Relatively simple to operate. 
o Recognized as a well-proven method used by USGS. 
 
Disadvantages 
 
o Subject to mechanical problems, particularly in cold weather. 
 
o Requires box or compartment attached to well. 
 
o Floats and cable move with water-level fluctuations, and may become stuck or 
lodged in well. 
 
o It is subject to extraneous interference from vibrations caused by trains, earth 
tides, etc.   
 
o Large water-level fluctuations may be difficult to interpret, particularly near 
pumping wells due to overlapping impacts on water levels.   
 
o The recorder is conspicuous, and may be vandalized.  It needs a protective 
cover.   
 
5.1-3.7  Interface Probes 
 
Interface probes consist of a small probe attached to the end of a coated tape that 
includes an optical liquid sensor and an electrical conductivity probe to differentiate 
between water and non-polar liquids (i.e., hydrocarbons).  The probe transmits a signal up 
the tape to the reel, where an audible alarm emits a tone:  a continuous tone for 
hydrocarbons and an oscillating tone for water.  A direct reading of the depth of free 
product and of the water level can be made from the tape.  The interface probe can also 
be used to measure water levels where floating hydrocarbons do not occur.  The accuracy 
of this method is approximately 0.05 feet.  It is advisable to cross-check the measured 
hydrocarbon thickness by retrieving a sample of the product and observing its thickness in 
a clear bailer.   
 
Advantages 
 
o Permits measurement of the depth and thickness of separate phase liquids, as 
well as water levels. 
 
o Useful for water-level measurements alone. 
 
o Direct reading possible. 
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Disadvantages 
 
o Battery-operated and subject to possible electrical malfunctions. 
 
o If the signal or light is not on the reel, but on the probe, it may be difficult to 
hear the tone or see the light.   
 
o Probe diameter is 1¼ inches; may be too large for some piezometers; could 
become lodged in riser. 
 
o Probe may be affected by decontamination solutions.   
 
o For high viscosity fluids (i.e., No. 6 fuel oil), accurate readings may be difficult 
to obtain.   
 
o Difficult to decontaminate.   
 
5.1-4  METHODOLOGY FOR MEASURING WATER LEVELS 
 
Water level measurements are so important in interpreting site hydrogeology that a clear, 
concise, well-ordered methodology is imperative.  The following checklist is offered to 
ensure consistant and accurate data. 
  
1. Prior to going into the field, check the measuring equipment to be sure that it is 
working properly and that it is in good repair.  Also, prior to undertaking field work, 
the equipment should be decontaminated.  Carry extra equipment and batteries to 
eliminate lost time in the event of equipment loss or malfunction.   
 
2. Prior to entering the field, fill out the field forms with the permanent well data, such 
as well number, depth to the bottom of the well, and elevation of the permanent 
measuring point.  Bring a current site map showing the location and identification 
numbers of all wells.   
 
 When collecting measurements, it is useful to bring along previous water-level data. 
Comparison of the current measurement to previous measurements can help 
identify anomalous readings or misread well numbers.   
 
3. Unlock the padlock in the hasp.  Remove the protective cap from the well.  Check 
that the I.D. number on the cap is the same as the one entered on the permanent 
record.  Record any unusual sounds, odors, staining, damage, or other observations 
in the "Remarks" column.  Be alert for evidence of vandalism or tampering.   
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o Well risers should be vented during installation by drilling a small hole into 
the casing below the depth of the seated cap (see Section 4.3).  This will 
permit air and gas to escape during water level fluctuations.  If a popping or 
sucking sound is heard when the cap is removed, the well is probably not 
vented properly.  If the well is not adequately vented, the water level may 
take a while to stabilize once the cap is removed, especially in low 
permeability materials.   
 
o If the well has been completed in contaminated ground water, appropriate 
health and safety protection and procedures must be utilized (see Section 
2.3).  Generally, an OVA is used to monitor for volatile organics 
immediately upon opening the well.   
 
4. First check for the measuring point.  Holding the instrument at this point obtain a 
water-level reading with the measuring device.  Record the actual reading obtained 
from the instrument - do not correct or convert data in your head.  Repeat the 
measurement again to confirm the reading.  Under ideal conditions the 
measurements would be taken using two different kinds of instruments.  The 
reported depth would be the average of these two readings.  Remember to record 
the time of the measurement.   
 
5. Measure and record the difference in elevation between the reference marks on the 
top of well riser and protective casing.   
 
6. Measure and record the depth to the bottom of the well.   
 
7. Remove the instrument from the well.  If the well is located at a site where 
contamination is suspected or known to be present, the measuring instrument must 
be completely decontaminated before taking another measurement in another well 
(see Section 6.5).   
 
8. Replace cap and secure the well.   
 
9. Once the measurements are complete, translate the water level depth readings into 
elevations (NGVD).   
 
 
 
 
5.1-5  PROBLEMS AND POSSIBLE SOLUTIONS 
 
5.1-5.1  Cross-contamination 
 
Where contaminated groundwater exists, care must be taken to avoid cross-contamination 
of wells caused by contaminated water-level measuring instruments.  Adequate 
decontamination procedures or dedicated instruments should be used to avoid this 
problem.  It is advisable to start with the cleanest wells and work progressively to the more 
contaminated wells.  Use historical data to determine this order.   
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5.1-5.2  Water/Floating Fluids 
 
If immiscible fluids with a specific gravity that is less than 1 are encountered in a 
monitoring well, special procedures may be required to obtain a free product/water-level 
measurement.  Instruments, such as an interface probe, are available that will measure 
the water/product levels. In the case of highly contaminated ground water or non-aqueous 
phase liquids, special dedicated instruments may be required for water level 
measurements.  Where immiscible, floating fluids are encountered, measurements of both 
fluid levels should be recorded during each measuring event.  Without correction water 
level contour maps prepared on the basis of a 2-phase liquid surface will always contain 
some unavoidable errors.   
 
5.1-5.3  Flowing Artesian Wells 
 
In order to obtain accurate measurements in flowing artesian wells, the water level must 
be stabilized.   This is generally accomplished by adding an additional section of riser pipe 
onto the well to stabilize the flow so as to permit the measurement of a water surface 
below the top of the added riser or by using a pressure gauge.  If additional riser pipe is 
added, a new measuring point for the well must be established, documented, and 
reported.  Water pressure gauges can be adapted to fit over the top of the riser and 
measure the artesian pressure at the wellhead.  The elevation or height above ground can 
be calculated from the pounds per square inch (psi) reading of the instrument.  If flowing 
artesian conditions are anticipated, wells can be constructed to allow for the necessary 
riser additions or the use of a pressure gauge.  If artesian conditions are anticipated, the 
surveyor conducting the original survey should be asked to establish a permanent 
reference datum that can be used as a reference point for future changes.   
 
Measurement of water levels in flowing artesian wells may be impossible to obtain if the 
water column freezes above the ground.   
 
5.1-5.4  Cyclic External Factors Affecting Water Levels 
 
Water levels may be influenced by any combination of pumping, barometric and tidal 
influences.  In general, tidal and pumping influences produce the most extreme deviations 
from undisturbed conditions.  If tidal influences are a possibility at a site, ideally it is 
advisable to monitor the water levels in selected wells for a full 28-day tidal cycle to 
determine the significance of this factor.  This can be roughly approximated by taking just 
two measurements:  one at high tide and one at low tide in the middle of a 28-day tidal 
cycle.  Nearby pumping wells can also significantly alter natural water-level elevations.  If 
interfering pumping conditions are encountered, water levels should be measured during 
periods of pumping and non-pumping conditions when the water level has stabilized.  A 
continuous water-level recorder is preferred for this type of monitoring.  If anomalous 
measurements are obtained or pumping is occurring, these factors need to be evaluated.  
All water level measurements should include the time that the measurement was obtained. 
Use of the military or 24-hour time designation will eliminate the possibility of confusing 
A.M. with P.M. readings.   
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5.1-5.5  Non-cyclic External Factors Affecting Water Levels 
 
Trenches in which underground utilities such as water, gas, sewer, and transmission 
pipelines are laid, disturb the natural permeability of the soil, increasing its hydraulic 
conductivity.  At times ground water infiltrates directly into underground vaults and pipes.  
Taken collectively these features may represent line sinks or sources - places where 
ground water will tend to discharge or recharge preferentially.  If a site has a large number 
of monitoring wells closely spaced together, the effects of these will be readily apparent on 
a map of the potentiometric surface.  If the density of the wells is less, the water levels 
may produce anomalous readings that defy interpretation.   
 
5.1-5.6  Dropping Something into a Well 
 
Caution should be taken to avoid dropping objects into a well.  Pencils, keys, eyeglasses, 
and other loose objects easily drop into wells, but are not so easily retrieved.  All 
measuring instruments should be connected to something larger than the diameter of the 
well riser to avoid dropping these down a well.  Measuring instruments should have a 
diameter small enough so that they fall freely in the well.  This will avoid lodging the device 
in the riser, thereby obstructing further measurements or sampling.  All measuring tapes or 
cables should be in good repair, free from breaks or splits that could result in separation of 
a cable within a well.  Fishhooks and string may sometimes successfully retrieve lost 
items.  Extreme care must be taken when taking water-level measurements in pumping 
wells to prevent entanglement of the measuring instrument on downhole equipment.   
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5.2  IN-SITU HYDRAULIC CONDUCTIVITY TESTS 
 
5.2-1  PURPOSE 
 
In-situ tests to determine hydraulic conductivity (K) should be performed in nearly all 
hydrogeologic investigations.  Hydraulic conductivity can be determined from both field 
and laboratory tests.  Laboratory tests, such as permeameter tests and grain-size 
analysis, are discussed in Section 3.8 Laboratory Tests of Soil and Rock.  Packer tests 
and pumping tests are additional field techniques that can be used to obtain in-situ data 
about hydraulic conductivity.  The applications and requirements of these tests are 
presented in Section 5.3 Pumping Tests and Section 5.4 Packer Tests. This Standard 
Reference (SR) provides guidelines for the measurement of in-situ hydraulic conductivity 
using boreholes or monitoring wells. These tests are often referred to as "slug" or 
"permeability" tests. This SR presents a discussion of the various applications, test 
procedures, and data interpretation methods that can be used.   
 
As shown on Table 5.2-1, hydraulic conductivity values for natural soil and rock 
materials vary over more than 10 orders-of-magnitude.  At many sites, the point-specific 
hydraulic conductivity varies spatially (i.e., vertically and horizontally) by several orders-
of-magnitude.  The need to define the variability of the hydraulic conductivity (K) will 
depend on the objectives of the investigation.  For water-supply investigations, minor 
variations in hydraulic conductivity may not be important.  In contaminant transport 
modeling, however, any variation and spatial distribution of hydraulic conductivities may 
be of prime importance in estimating rates and directions of contaminant movement.  
Knowledge of the spatial variation can be especially valuable in interpreting the 
depositional environment to extend prediction of the contaminant movement outside the 
area tested.   
 
When comparing various techniques for measuring hydraulic conductivity, it is important 
to recognize the scale of the test measurement and how that relates to the objectives of 
the investigation.  Laboratory tests can be used to measure hydraulic conductivity of 
cohesive undisturbed samples that range in vertical length from a couple of inches to a 
few feet.  By comparison, pumping tests may evaluate the entire aquifer thickness, a 
sample on the order of tens to several hundred feet in thickness.  In many cases it is 
advisable to perform several types of tests, at different environmental scales, in order to 
raise the level of confidence in data interpretation.   
 
In-situ measurements of hydraulic conductivity have the following advantages and 
disadvantages as an aquifer characterization method:   
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Advantages 
 
o This method allows the estimation of in-place hydraulic conductivity. 
 
o The methodology eliminates the problems associated with collection of undis-
turbed samples and the effects of testing apparatus associated with laboratory 
tests.   
 
o Tests can be performed quickly in the field and at low cost.  The drilling of 
observation wells and multi-day pumping tests are not required.   
 
o At contaminated sites, treatment of contaminated discharged water is 
minimized.   
 
o Unlike conventional pumping tests, in-situ tests allow for the estimation of the 
hydraulic conductivity of discrete zones within an aquifer.  
 
Disadvantages 
 
o Only the hydraulic conductivity in the immediate vicinity of the well or 
borehole is measured; this may not be representative of the average 
hydraulic conductivity of the aquifer or even the tested zone.   
 
o Because test data analysis requires many simplifying assumptions, the 
hydraulic conductivity values are generally accurate only to an order-of-
magnitude.   
 
o Unlike pumping tests, the storativity parameter (S) or specific yield (Sy) 
usually cannot be determined.   
 
Measurements of hydraulic conductivity are of fundamental importance in almost all 
hydrogeologic investigations.  Hydraulic conductivity values are used:   
 
o To estimate rates of ground water flow.   
 
o To estimate responses of aquifers to applied stresses, such as pumping.   
 
o To estimate the rate of movement of various chemicals in tested subsurface 
zones.   
 
o To identify zones favorable for development of ground water resources.   
 
o To estimate soil or rock transmissivity where pumping tests are not feasible 
due to extremely low permeabilities or highly contaminated ground water.   
 
o To construct and calibrate ground water flow models.   
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5.2-2  THEORY OF FLOW THROUGH SATURATED POROUS MEDIA 
 
Hydraulic conductivity is a measure of the ease of flow of a specific fluid through a 
specific porous medium.  Hydraulic conductivity was first described by the empirical 
relationship known as Darcy's Law, which states that the flow rate (Q) through a given 
cross-section of porous media (A) is directly proportional to the hydraulic gradient (dh/dl) 
and the hydraulic conductivity (K).  Hydraulic conductivity is also known as the 
coefficient of permeability.  The two-dimensional expression of Darcy's Law is:  
 
                      Q = K A (dh/dl) 
 
 where, 
 
  Q      =  flow or discharge (volume/time) 
            A      =  cross-sectional area (length squared) 
           dh/dl =  hydraulic gradient (length/length;            
                                dimensionless) 
   K     =  hydraulic conductivity (length/time) 
 
Hydraulic conductivity is a function of the properties of the fluid and the properties of the 
porous medium.  The fluid properties that influence hydraulic conductivity are the fluid 
density and viscosity.  The influencing properties of the medium are porosity, particle size, 
shape, distribution, and sorting.  Consequently, K will vary for the same fluids in different 
geologic materials and for different fluids (e.g., water and oil) in the same geologic 
materials.   
 
The terms permeability and hydraulic conductivity are often used interchangeably.  This 
can be confusing.  In the strictest usage, permeability, or intrinsic permeability, is the 
property of the porous solid material through which a fluid is moving.  Intrinsic permeability 
is generally expressed in units of darcys, and is represented by the letter "k" (lower-case).  
The relationship between hydraulic conductivity and intrinsic permeability is expressed in 
the following equation:   
 
                          K = k ρ g 
                            μ  
 where, 
 
  K = hydraulic conductivity (length/time) 
  k = intrinsic permeability of the porous media  
              (length squared) 
  ρ = density of fluid (mass/length) 
  g = acceleration of gravity (length/time) 
  μ = dynamic viscosity of fluid (mass/length time) 
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This equation becomes important when dealing with fluids having a specific gravity greater 
or less than 1. Typical values for hydraulic conductivity and intrinsic permeability for a wide 
spectrum of geologic media are presented in Table 5.2-2.   
 
Intrinsic permeability is a property of the porous media regardless of the fluid it contains.  It 
is defined by the equation:   
 
                            k = C d2 
 where, 
  
       k = intrinsic permeability (length squared) 
  C = a 'shape' factor (dimensionless) 
  d = mean grain-size diameter or effective grain diameter (length squared) 
 
When water is the only fluid in question, hydraulic conductivity values are often used to 
compare variations in the intrinsic permeability of the media.  It should be kept in mind that 
hydraulic conductivity will vary if either the properties of the fluid or the media change.  
Large differences in water temperature will also affect hydraulic conductivity values.  
Fluids, such as creosote, that have densities different from water will also affect the 
hydraulic conductivity values.  For additional information on hydraulic conductivity, the 
reader is referred to any introductory text on ground water or hydraulics, such as Freeze 
and Cherry (1979) or Fetter (1988).   
 
5.2-3  IN-SITU TESTS AND TEST PROCEDURES 
 
5.2-3.1  Test Conditions 
 
In-situ tests to determine hydraulic conductivity can be conducted either in open boreholes 
as drilling proceeds or in monitoring wells after they are installed and developed.  In-situ 
tests can be divided into two types:  1) variable-head tests and 2) constant-head tests.  If 
monitoring wells are used for water-quality sampling, it is often preferable to perform a 
rising-head test to avoid the introduction of water that does not originate within the 
formation.  Prior to testing, all monitoring wells should be developed to a point that further 
development does not result in a noticeable increase in water yield.  Variable-head and 
constant-head tests can be performed in either an open borehole or a screened well.   
 
5.2-3.1.1  Borehole Tests 
 
Two types of borehole tests can be performed during the advancement of cased 
boreholes.  A flush-bottom test makes use of only the bottom cross-sectional area of a 
borehole, while an open hole test is conducted on a section of uncased hole.  A flush-
bottom test is one in which casing is advanced to the bottom drilling depth; it provides an 
estimate of the vertical hydraulic conductivity.  On the other hand an open-hole test 
generally provides an estimate of the horizontal hydraulic conductivity, because normally 
the side-wall area of an open hole is much greater than its bottom area.  If open-hole tests 
are to be performed in poorly consolidated formations, it may be helpful to fill the casing 
with clean coarse sand for the desired test interval and then carefully pull back the casing 
to just below the top of the sand.  The hydraulic conductivity of the sand must be 
significantly greater than the hydraulic conductivity of the formation, and not impose 
resistance to water movement.  This technique will help to prevent collapse of the 
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borehole walls during exposure of the test zone.  Flush-joint casing should be used in 
boreholes where in-situ tests are planned.  If field tests are planned in cased holes, care 
should be taken during drilling to minimize disturbance and smearing on the borehole 
walls.  In many cases, augered holes are not suitable for open borehole tests due to the 
unavoidable smearing and disturbance of the soil and borehole walls.  Flush-bottom tests 
run inside an open-end auger flight also may give erroneous data due to the excessive 
water leakage through auger flight joints.   
 
5.2-3.1.2  Tests in Monitoring Wells 
 
The test procedures for monitoring wells are essentially the same as for boreholes, except 
that the test zone is pre-determined by the location of the screen and sand pack.  Figure 
5.2-1 shows the typical design of a monitoring well and the configurations of 
measurements pertinent to hydraulic conductivity tests.  The total length of the test zone 
(L) should be determined as the total saturated length of the sand pack, including all of the 
screened interval.  Monitoring well tests provide estimates of horizontal hydraulic 
conductivities.   
 
The maximum hydraulic conductivity that can be measured in any given well may be 
limited by the hydraulic conductivity of the sand pack and by the open area of the screen.   
 
5.2-3.2  Variable-head Tests 
 
Variable-head tests are performed by causing a sudden ("instantaneous") rise or drop of 
the static water level in a borehole or well casing or riser.  This deviation from the initial 
head (static water level equated to zero) is termed excess head.   
 
5.2-3.2.1  Falling-head Test 
 
A falling-head test is initiated by either quickly injecting water into the well or, preferably, 
by displacing the standing water upward with a tube-shaped slug to create an excess 
head.  The drop in water level with time is measured as the excess head declines to zero 
(the static water level).  For a given well construction, the rate at which the water level 
drops is controlled by the formation characteristics, provided that the well was properly 
constructed.  A plot of head data (H-x) versus time data (t-to) is used to calculate the 
hydraulic conductivity.  Figure 5.2-1 shows, schematically, a falling-head test.   
 
Falling head tests should not be performed in wells where the screened interval straddles 
the water table.  To measure hydraulic conductivity, the well screen must be placed 
entirely within the saturated portion of the aquifer.  If the top of the screen is at, or close to, 
the present water table, rising head tests should be performed.   
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5.2-3.2.2  Rising-head Test 
 
A rising-head test is quite similar to a falling-head test except that the water is suddenly 
displaced downward in the casing or riser pipe.  In this case, the dissipation of negative 
excess head will be measured.  The immediate water-level rise (x-H) is plotted against 
time after the depression is initiated (t-to), and these data are used to calculate the 
hydraulic conductivity.  Figure 5.2-1 also illustrates a rising-head test.   
 
5.2-3.2.3  Requisite Data 
 
The location of the well screen or test zone with respect to the geologic materials shown 
on a boring log must be known.  In order to calculate the hydraulic conductivity, the 
following information must be recorded:   
 
  H     -  static water level prior to start of test. 
 
  r     -   radius of the inside of riser pipe. 
 
  R     -  radius of the bottom of the casing or, if more appropriate, one-
half the effective diameter of the borehole. 
 
  L     -  length of the zone below the casing in a open hole test, or the 
length of the screen and saturated filter pack for monitoring wells.   
 
  Ho    -  initial excess head at time t = 0 (to). 
 
  h     -  the amount (length) of positive or negative excess head that is 
created in the well or borehole. 
 
 (x, x, x...xn)   - water-level head measurements at various 
       times (t). 
 
 (t, t2, t3..tn)  - elapsed times corresponding to the times when water-level 
(head) measurements are made. 
 
These relationships and related measurements are illustrated in Figure 5.2-1.   
 
5.2-3.2.4  General Test Methods 
 
The following procedure presents a general method for performing a slug test.  There are 
a number of variations to this general method developed for specific hydrogeological 
conditions.  The variations presented in the following sections should be researched 
before the test is performed.   
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 (a)  Slug Injection or Withdrawal 
 
 The height of water displacement caused by slug injection or withdrawal must be 
accurately known in order to calculate the hydraulic conductivity based on the head 
difference at different time intervals.  The preferred technique of creating water 
displacement upward for a falling-head test is to suddenly lower a weighted 
cylindrical solid beneath the static water level.  By knowing the volume of the 
cylinder, the height of rise in water level (Ho) can be calculated for any diameter 
well. The technique of quickly pouring water in the well ("slugging"), commonly used 
in the past, gives significantly less accurate values of hydraulic conductivity in 
moderately to highly permeable media.  The slug should be injected as quickly as 
possible.  It is important to remember that a falling-head test should not be 
conducted when the initial static head in the well is below the top of the screened 
zone or the test will be affected by unsaturated conditions in the filter pack and the 
aquifer.   
 
 To create a downward displacement of the water column with respect to static level, 
either of two techniques is recommended.  If water quality integrity is of concern or if 
the formation is believed to be highly permeable, the well can be pressurized with 
compressed air at the well head.  At t = 0, the pressurized plumbing is suddenly 
vented and kept open.  The other technique is to lower a weighted cylinder just 
below the static level and, upon water-level equilibration to static, remove the 
cylinder quickly.  This procedure follows naturally after the cylinder-displacement 
rising-head test described above.  Under certain circumstances and if the formation 
is not very permeable, a bailer or well pump may be satisfactorily used to remove a 
measurable volume of water over a period of several seconds.   
 
 (b)  Equipment for Water-level Measurements 
 
 Once the excess head has been produced by either lowering or raising the water 
level, the altered water level will decay to its initial static level at a rate directly 
related to formation permeability.  Measurements of the water levels at regularly 
timed intervals after the start of the test should be recorded.  Figure 5.2-2 is an 
example of a field form that can be used to record data when conducting a variable-
head test in a borehole.   
 
 If the formation materials are relatively homogeneous, the water level will recover at 
a logarithmic rate, with rapid recovery occurring during the early part of the test.  In 
highly permeable formations, the measurement of water levels at frequent intervals 
is particularly critical during the early part of the test.  The frequency of 
measurement is the same as that discussed in Section 5.3-5.3 and shown in Table 
5.3-1.   
 
 Various types of equipment can be used to take water-level measurements, 
including "plunkers," chalked tapes, electric water-level meters, interface probes, 
and pressure transducers.  Section 5.1 Water-level Measurements contains 
information on various types of water-level measuring equipment.  The selection of 
the measuring equipment should be based on the anticipated rate of recovery.  In 
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highly permeable sands and gravels, water levels may recover almost immediately, 
making accurate manual measurements impossible.  A pressure transducer, an 
instrument that can record the hydrostatic pressure of the column of water above 
the transducer (i.e., water levels) at an extremely rapid rate, is required for tests 
under these types of conditions.   
 
 (c)  Duration of the Test 
 
 The length of time required to obtain sufficient test data is dependent on the volume 
of the slug (i.e., initial height of excess head), the hydraulic conductivity of the 
formation, and the configuration of the test zone. If the test zone is relatively 
permeable, the water level should be monitored until it returns to the initial static 
level.   
 
 If the test data are being collected manually, excess head versus time data should 
be plotted on a semi-log plot as the test proceeds.  In order to calculate a valid 
hydraulic conductivity, a portion of these data should plot as a straight line on a 
semi-log plot.  Once a sufficient number of readings are obtained for determining the 
straight-line fit, the test can be terminated.  A second test (i.e., duplicate test) in 
each well or borehole is recommended as a check on the accuracy and 
reproducibility of the results.   
 
 Using the best preliminary estimate of hydraulic conductivity (K), the analytical 
equations discussed in this section can be used to estimate the amount of time 
required for an in-situ field test.  If the hydraulic conductivity is quite variable at the 
site, the sequence of tests should proceed from the lowest permeability to the 
highest to allow adequate time for recovery of formations with low values of 
hydraulic conductivity.   
 
5.2-3.2.5     Test Procedure for Boreholes and Monitoring Wells 
 
The following procedures can be used for in-situ hydraulic conductivity tests conducted in 
either temporarily cased boreholes or in finished monitoring wells.  Due to the stable 
borehole condition of a monitoring well, tests conducted in a temporarily cased borehole 
presents more potential for hole condition irregularities, and the procedure is more 
demanding.  Steps 1 through 7 are used in borehole tests, while only Steps 3, 4, 5, and 6 
are necessary when a test is run in a monitoring well.   
    
 1. Advance casing to the desired depth.   
 
 2. Carefully wash out all the material to the bottom of the casing until the wash 
water remains clear.  If an open-hole test is desired, carefully pull back the 
casing to an appropriate depth.  Just prior to pulling back, the casing can be 
filled with coarse sand to prevent collapse of the borehole walls when the 
casing is pulled back.  The water level in the casing must be maintained at or 
above the static water level to prevent collapse of soil into the borehole or the 
movement of soil up the casing.  This is particularly important during the 
removal of the drilling rods.  Measure the depth of the hole to determine if any 
voids were created below the bottom of the casing.  If a void is found, lower 
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the casing below the void and carefully repeat the drilling and washing 
procedure.   
  
 3. Measure the static water level from the top of the casing; confirm this reading 
with a second measurement five minutes later.   
 
 4. To conduct the test, fill the casing with clean water to the desired height 
above the static water level or lower the water level to the desired depth.  
Typically, excess heads of 5 to 20 feet are used.  The choice of the length of 
the imposed head will depend on the depth to the static water level, the 
permeability of the formation, and the amount of time allowed for the test.  
The greater the excess head imposed during the test, the faster the rate at 
which initial recovery will occur.   
 
 5. Obtain water-level measurements at the prescribed time intervals until the 
water level stabilizes or adequate recovery data have been obtained.   
  
 6. Check for leakage during the test; air bubbles rising in the casing may 
indicate leakage around casing joints.  Also, check for water flowing between 
the outside of the casing and the ground surface, indicating a leaky seal 
between the casing and borehole walls.   
 
 7. After the test has been completed, measure the depth of the borehole to 
determine if any caving has occurred during the test.  If caving has occurred, 
the test-interval length (L) existing at the end of the test should be used in the 
calculations.   
 
5.2-3.3  Constant-Head Test 
 
In a constant-head permeability test, water is added to the well or borehole at a rate 
sufficient to keep a constant water level in the well.  The water-level reference point 
usually is the top of the well casing.  Constant-head tests are only suitable for permeable 
soils such as sands and gravels.  Figure 5.2-3 is a schematic of a constant-head test in a 
monitoring well, showing the measurements needed.   
 
5.2-3.3.1  Requisite Data 
 
In order to calculate the hydraulic conductivity, the following information should be 
obtained and recorded:   
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  H     -  static water level, measured prior to the start of  
                     the test. 
 
  r     -   radius of the riser pipe.  
 
  L     - .....................................................................................
the length of the zone below the casing in a borehole or the length 
of the screened interval in a monitoring well including the full 
distance from the bottom to the top offt he filter pack.   
 
(Q, Q2,...Qn)  - flow measurements at various times (t). 
 
(X, X2,...Xn)    -  water-level measurements at various times (t). 
 
5.2-3.3.2  General Test Methods.   
 
 (a)  Constant Flow 
 
 The constant flow rate required to maintain a selected excess head elevation has to 
be experimentally determined, and then maintained for a short period of time.  
Generally, a flow meter is connected to the pump discharge line that goes into the 
well to monitor the flow. It is important that the flow meter be calibrated, especially 
when low flows are used.  The rate of injection should begin low and systematically 
be increased until a steady rate of flow is established.  In some cases an anti-surge 
device should be placed in the supply line near the pressure gauge to obtain steady 
flow readings.  The water level should be closely monitored at some reference point, 
preferably at or near the top of the casing.   
 
 (b)  Duration of the Test 
 
 The test should be run until a steady flow rate is maintained for at least 15 minutes 
to one-half hour.   
 
 
 
5.2-3.3.3 Test Procedures for Boreholes and Monitoring Wells. 
 
The procedure described below applies to boreholes. For monitoring wells only Steps 3 
and 4 are necessary.   
 
 1. Advance casing to the desired depth 
 
 2. Carefully wash out all the material to the bottom of the casing until the wash 
water remains clear.  The water level should be maintained at or above the 
static water level to prevent squeezing of soil into the casing.  This is 
particularly important during removal of the drilling rods.  Measure the depth 
of the hole to determine if a void was created below the bottom of the casing.  
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If an open-hole test is desired, bump or pull back the casing to the desired 
depth.   
      
3. Measure the static water level from the top of the casing. 
  
 4. Fill the riser with clean water and maintain the water-level at the top of the 
riser, or at some fixed elevation, by pumping water in at the experimentally 
determined, appropriate constant rate.  The volume of water entering the 
casing should be measured with a flow meter and recorded at regular time 
intervals, such as every minute, to determine if a stable flow rate has been 
achieved and is being maintained.   If the target excess head elevation is 
below the top of the casing and is not visually confirmable, water-level 
measurements should also be recorded each time the flow is measured.  An 
example of a field form for recording constant-head test data is shown in 
Figure 5.2-4.   
 
5.2-4  DATA ANALYSIS 
 
Several methods are available for analyzing data obtained from in-situ hydraulic 
conductivity tests.  Most methods incorporate graphical techniques, such as semi-log and 
log-log plots, to evaluate the data and select values for the calculations.   
 
When evaluating these tests, the calculated hydraulic conductivity should be compared to 
an expected hydraulic conductivity based on the formation characteristics.  (See Table 
5.2-1.)  Potential sources of error that can affect in-situ hydraulic conductivity tests include:   
 
o Leaky casing or riser joints  
o A low permeability skin on the borehole wall formed during drilling 
o Uncertainty about the initial head  
o Failure to allow the pressure transducer to stabilize 
o Stress release around the borehole 
o Incorrect readings  
o Bridging of seals 
o Entrapped air in the sandpack or formation 
o Anisotropy of the formation 
o Sandpack or screen permeability limitations 
o Partial-penetration effects (saturated zone within the aquifer is not fully 
screened) 
o Fractures 
o Multi-phase fluids 
 
The analysis of well or borehole hydraulic conductivity test data is based on modifications 
of the Thiem equation for steady-state conditions and the Theis equation for transient 
conditions.  A few of the more commonly used analytical methods are summarized in this 
section.  Inherent in all these methods are several simplifying assumptions concerning the 
aquifer properties (i.e., homogeneity, isotropy) and the test methods (instantaneous water-
level change).  When selecting a particular analytical method, it is important to consider 
the basic assumptions that underlie the mathematical expressions.  In many cases it may 
be advisable to evaluate the data using several methods and examine the range of 
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hydraulic conductivities that are obtained.  When reporting a calculated in-situ hydraulic 
conductivity, the analytical method(s) used should always be referenced.   
 
5.2-4.1  Analysis of Variable Head Test Data 
 
In this section three analytical methods are presented that are commonly used to evaluate 
variable head test data.  Additionally, a large number of methods developed for 
specialized conditions can be found in the literature.  More sophisticated analytical 
methods than those discussed here may need to be applied under certain test conditions.  
In particular, the reader may want to apply the method of Bouwer and Rice (1976) for 
unconfined aquifers with wells that are either partially or completely penetrating the 
aquifer.   
 
5.2-4.1.1  Hvorslev Time-lag Method 
 
The Hvorslev method (Hvorslev, 1951) is based on a modification of the Thiem equation 
for steady-state flow.  This method includes the following assumptions or conditions: 
 
o The aquifer has unconfined conditions 
o The aquifer is homogeneous and isotropic  
o The aquifer has infinite areal extent 
o The soil and water are incompressible 
o Steady-state conditions 
o The change in water level is instantaneous 
o The test zone partially or fully penetrates the aquifer 
o Effects of aquifer storage are assumed to be small and are ignored 
 
The Hvorslev method is based on the following equation: 
 
  K  =  r2 ln(mL/R) 
    2LTo  
  where, 
 
   K = hydraulic conductivity (length/time) 
   r = radius of riser or casing (length) 
       m = a transformation ratio to allow for some anisotropy in the vertical 
direction (dimensionless)             
    where,   
       
     m =     Kh/Kv 
 
     and, 
 
     Kh = horizontal hydraulic conductivity (length/time) 
     Ky  = vertical hydraulic conductivity (length/time) 
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   L  = length of test zone (length) 
   R  = effective radius of borehole or test zone (length) 
   To  = lag time value, or the time at which ln(h/Ho) equals 0.37 on the 
head versus time data plot (time) 
    
    The value of To is determined as follows:   
 
    The excess head (h), normalized by dividing by the initial excess 
head (Ho), is plotted on the log scale against corresponding 
values of time (t) on the arithmetic scale of semi-log paper.  The 
value of To is determined graphically as that value where the 
normalized head equals 0.37, as shown on Figure 5.2-5.   
 
If the head versus time data deviates significantly from a linear plot, it may indicate bad 
test data or that the assumptions of the equation are not met.  In this case, this method will 
not provide a reliable value for hydraulic conductivity.   
 
Hvorslev developed this method for a variety of borehole or well configurations by 
including a "shape factor" in the equation.  Figure 5.2-6 presents the borehole or well 
geometry for various shape factors (page 1 of 2) and their corresponding equations 
(page 2 of 2).   
5.2-4.1.2  Bouwer and Rice Method 
 
A method of analysis quite similar to that of Hvorslev's was developed by Bouwer and 
Rice (1976).  Their equation for calculating hydraulic conductivity is identical to the 
Hvorslev equation except that the term ln(mL/R) is replaced by ln(re/R).  Thus the equation 
is:   
     2 
   K = rc ln (re/R)  ln  Yo 
           2Lt      Yt 
 
  where, 
 
   K  = hydraulic conductivity (length/time) 
   L  = length of the test zone (length) 
      rc   = casing radius (length) 
      re   = effective horizontal radius over which the instantaneous slug (Ho) 
is dissipated (length) 
   R  = radius of borehole in test zone (length) 
   t  = selected time since the slug was initiated (time) 
      Yo   = initial (t = 0) change in head (length) 
      Yt  = value of excess head (h) at selected time (t) (length) 
 
The assumptions or conditions that apply to the Hvorslev method also apply to this 
method.  The benefit of this technique is that the calculated values are based on a more 
vigorous estimate of the radius of influence of the test than those derived from the 
Hvorslev equation.  This appraisal is based on the fact that instead of using a best 
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estimate of the effective radius of the borehole or test zone, as the Hvorslev method does, 
Bouwer and Rice have developed a graphical procedure to calculate the effective distance 
from the borehole that is affected by the slug.  
  
The graphical procedure involves determining the values of two coefficients (A and B) that 
appear as separate curved plots in Figure 5.2-7.  These values, which are functions of the 
value of L/R that is specific to a well geometry, are used in the following equation to derive 
ln (re/R):   
 
  ln (re/R) =  =         1.1      + A+B ln [ (D-H)/R ]         - 1 
         1ln(H/R)                L/R 
 
 where,  
   A  = a coefficient that is a function of (dimensionless) 
   B  = a second coefficient that is a function of L/R (dimensionless) 
        r  = effective horizontal radius (length) 
   H  = distance from the water table to the bottom of the open test zone 
of the well (length) 
   L  = length of the test zone (length) 
   D  = saturated aquifer thickness (length) 
   R  = radius of borehole in test zone (length) 
 
In applying the above equation, Bouwer and Rice (1976) determined that the following 
conditions should be observed.   
 
 1) If 1n [D-H/R] is greater than 6, this term should be set equal to 6 in the above 
equation for determining ln (re/R).   
 
 2) If D equals H (implying that the open test zone fully penetrates the aquifer), 
the following equation should be used to determine ln (re/R):   
 
  ln (re/R) = =        1.1        +  c           -1 
           ln(H/R)   L/R  
   
  where, 
 
   c  = a third coefficient that is a function of L/R (dimensionless) 
 
   and, all other terms are as previously defined.   
 
In Figure 5.2-7, if the open test zone fully penetrates the aquifer being tested, only the 
"C" curve is read.   
 
To implement this method, the field data are plotted as h on the log scale versus t on the 
arithmetic x-axis.  A best fit straight line is drawn through the data points.  Figure 5.2-7 is 
consulted to obtain the coefficients necessary to compute 1ln (re/R).  The value of Yo is 
determined by the intersection of the fitted straight line with the zero point on the X-axis.  
For a selected time (t), the corresponding value of Yt on the Y-axis is read.  All of these 
values are substituted into Bouwer and Rice's hydraulic conductivity equation to compute 
K.   
[ ]
][
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5.2-4.1.3  Cooper et al. Type-Curve Matching. 
 
Cooper et al. (1967) developed and Papadopulos et al. (1973) extended a type-curve 
matching method, based on the Theis equation, with the following assumptions or 
conditions:   
 
o The aquifer is confined 
 
o The aquifer is homogenous and isotropic  
 
o Aquifer has infinite horizontal extent 
 
o The change in water level is instantaneous 
 
o Transient flow conditions (non-steady state) 
exist in the immediate proximity of the well 
 
o The well fully penetrates the aquifer 
 
o Aquifer can have limited vertical extent 
o The aquifer has a uniform aquifer thickness 
 
The values for the transmissivity (T) and hydraulic conductivity (K) can be calculated from 
the equations:   
                             
               T  =   rc2   (Tt/rc)2   and   K = T/b              
                        t                   
 where, 
 
               T         =  transmissivity near the well (length squared/time) 
           Tt/rc2    =  a time parameter: value is usually selected as 1.0 on the type-
curve overlay at the match point 
               rc         =  radius of the casing or riser (length) 
               t         =  time determined from match point (time) 
               K      =  hydraulic conductivity near the well (length/time) 
               b       =  aquifer thickness (length) 
 
This method involves plotting the head and time data on semi-log paper and determining 
the best data fit to one in a family of type-curves that are plotted at the same scale. An 
example of the type-curves is shown on Figure 5.2-8.  The normalized head values are 
plotted on the vertical, arithmetic scale, and the corresponding time values are plotted on 
the horizontal, log scale.  The field data curve is then superimposed on the type-curve set.  
With the arithmetic axes coincident, the data plot is translated horizontally to a position 
where the field plot best fits the type-curve.  Once the match point is determined, the time 
value (t) is read off the plot.  Typically, a value of 1.0 is chosen for Tt/rc2 to simplify the 
calculation.   
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Transmissivity (T) is then calculated by solving the above equation in terms of r and t 
units. The value for hydraulic conductivity can be calculated by dividing the calculated 
transmissivity by the aquifer thickness.   
 
5.2-4.1.4  Nguyen and Pinder Slug Test Method. 
 
The Nguyen and Pinder method (Nguyen and Pinder, 1984) incorporates factors that 
account for the effects of wellbore storage and partially penetrating wells.  Although it is a 
little more complex than the other methods that have been described, the Nguyen and 
Pinder method is especially suitable for conditions of low hydraulic conductivity where 
wellbore storage effects can be a problem.  The following assumptions are inherent in this 
method: 
 
o The aquifer is either confined or unconfined conditions  
o The aquifer is homogeneous and isotropic  
o Aquifer has infinite areal extent 
o Steady-state conditions must exist around the well 
o The change in water level is instantaneous 
o A well either fully or partially penetrates the aquifer 
 
This method utilizes a semi-log plot of the head (dh/dt) versus inverse time data (1/t), 
similar to the Hvorslev semi-log method.  In addition, a log-log plot of (h/Ho) versus time 
data (t) is prepared.  The slopes of these plots, C3 for the log-log and C4 for the semi-log 
plots respectively, are used to calculate the hydraulic conductivity according to the Nguyen 
and Pinder equation:   
 
           K = R2C3    
                 4C4 L 
where, 
 
  K   =  hydraulic conductivity near the well (length/time) 
  R   =  radius of the wellbore (length) 
           C3   =  value obtained from slope of semi-log plot (length/time) 
          C4   =  value obtained from slope of log-log plot (length) 
       L   =  test zone length (length) 
 
5.2-4.2  Analysis of Constant-Head Test Data 
 
The analysis of constant-head test data is based on a modification of Darcy's Law:  Q = 
KA(dh/dl), described in Section 5.2-2.  The analytical equation presented here requires the 
following simplifying assumptions:   
 
o The aquifer is confined 
o The aquifer is homogenious and isotropic 
o The well screen is not at the upper or lower aquifer boundary 
o There is a constant flow rate of water into or from the well 
 
The following equation (Hvorslev, 1951) can be used to calculate the hydraulic conductivi-
ty (K) from a constant-head test when the screened section is installed in uniform soil 
away from soil boundaries (Figure 5.2-6, Case G): 
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             Qs ln           L          1 + L2  
 K  =     2r        r2 
                     2πLh 
where, 
 
     K   =   hydraulic conductivity (length/time) 
     Qs  = stabilized flow rate required to maintain a constant head (length cubed/time) 
 L   =   test zone length (length) 
 r   =   radius of riser or casing (length) 
 h   =  excess head, as height above static water-level (length) 
 
Other well/aquifer geometries and associated equations for computing hydraulic 
conductivity are given in Figure 5.2-6 (page 2 of 2).  In situations where the top of the well 
casing is not the established constant head elevation during the test, as shown in Figure 
5.2-3, measurements of water level must be made to maintain a constant head.  The 
measured distance, x, is subtracted from H to determine h; the excess head, as depicted 
in Figure 5.2-4.  
[ ] 
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SECTION 5.3  PUMPING TESTS 
 
5.3-1  PURPOSE 
 
This Standard Reference (SR) describes various applications, design criteria, test 
procedures, and data interpretation methods for aquifer pumping tests.  Pumping tests 
involve the pumping of a fluid (generally water) from a well while monitoring the water-
level decline (drawdown) over time in the pumping well and surrounding observation 
wells.   
 
Generally, pumping tests require a relatively large expenditure of funds, manpower and 
time.  Failure to adequately design and execute a test program can severely 
compromise the data.  This section is intended to provide some general procedures that 
should help to minimize data collection problems and errors.  These procedures are 
meant as general guidelines only; specialized pumping test programs may require 
specific procedures.  For example, pumping tests conducted for public water supply 
sources require that the test be designed and carried out in accordance with the 
guidelines and requirements of the Division of Water Supply.  Guidelines and Policies for 
Public Water Systems (revised 1989) should be consulted concerning the specific test 
design requirements and procedures for water supply sources in Massachusetts.   
 
5.3-2  APPLICATIONS 
 
Until quite recently pumping tests were primarily undertaken to determine the suitability 
of a well and/or aquifer for water supply purposes.  More recently, pumping tests have 
been conducted for a variety of other reasons, such as to obtain a better overall 
understanding of a hydrogeologic system or to design and evaluate the effectiveness of 
an aquifer remediation program.  A list of some of the more common pumping test 
applications is presented below.   
 
5.3-2.1  Water Supply Studies 
 
o To determine sustained well yield and specific capacity.   
 
o To determine pump sizing parameters.   
 
o To calculate aquifer properties in order to estimate aquifer system storage, 
recharge rate, long-term drawdown, and potential interference with other produc-
tion wells or aquifer boundaries.   
 
o To define wellhead protection zones and recharge areas for aquifer protection 
purposes.   
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5.3-2.2  Hydrogeologic Studies 
 
o To define aquifer characteristics such as transmissivity, hydraulic conductivity, 
and storativity.   
 
o To identify local boundaries of an aquifer system.   
 
o To provide calibration data for ground water flow models.   
 
o To estimate dewatering requirements for excavations.   
 
o To predict the rise in the water table as the result of a dam and associated 
impoundments.   
 
o To predict the feasibility and impact of injection wells.   
 
5.3-2.3  Contaminant Studies 
 
o To perform chemical time-series sampling to evaluate the temporal and spatial 
variability of contaminants in ground water.   
 
o To estimate capture zones of existing or proposed extraction wells and evaluate 
their effectiveness in intercepting and removing contaminated ground water, or 
non-aqueous phase liquids.   
 
o To design remedial pumping schemes for plume containment through hydraulic 
controls.   
 
o To evaluate the effectiveness of alternative remedial pumping schemes.   
 
5.3-3  GENERAL CONCEPTS 
 
In this section several general concepts and terms are presented that relate to the 
design and evaluation of pumping tests.  Individuals involved in the design, 
implementation and analysis of pumping test data must have a working knowledge of the 
fundamentals of ground water hydrology.  For additional information, the reader should 
consult one of the many texts covering well hydraulics such as Bear (1979), Driscoll 
(1986), Fetter (1988), Freeze and Cherry (1979), and Todd (1980).   
 
5.3-3.1  Types of Aquifers 
 
5.3-3.1.1  Confined Aquifer 
 
A confined aquifer occurs when the ground water is confined by an overlying, less 
permeable geologic unit under pressure that is greater than atmospheric pressure.  As 
shown on Figure 5.3-1, a confined aquifer is bounded above and below by relatively 
impermeable strata.  The level of the water in a well that penetrates the confined aquifer 
is called the potentiometric (or piezometric) surface; it represents the hydrostatic 
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pressure level of the water in the well.  By definition, the water level or hydraulic head in 
a confined aquifer is always at or greater than the elevation of the bottom of the upper 
confining layer.  During a pumping test in which the aquifer remains under confined 
conditions, the volume of water removed from storage in the aquifer is derived from the 
expansion of water due to the decrease in hydrostatic pressure and the compression of 
the aquifer matrix; discharge is not derived from gravity drainage.   
 
 
5.3-3.1.2 Unconfined Aquifer 
 
In an unconfined aquifer the water in the aquifer is at atmospheric pressure.  The upper 
boundary of this potentiometric surface is often referred to as the water table; it is shown 
on Figure 5.3-2.  In an unconfined aquifer the water removed from storage during a 
pumping test beyond the initial few minutes of pumping is the result of gravity drainage 
from the saturated material.  The water level change resulting from water being removed 
from storage may not occur instantaneously; it may show a delayed response.  This 
phenomenon, known as delayed yield, is frequently observed in pumping tests in 
unconfined aquifers.   
 
5.3-3.1.3  Leaky Aquifer 
 
A leaky aquifer is a fully saturated (semi-confined) aquifer that is bounded above and 
below by a less permeable layer, one or both of which transmit water to the pumped 
aquifer.  (As the most permeable layer does not actually leak itself, the term "leaky 
aquifer" encompasses the above and/or below leaky layers, called aquitards.)  When 
pumped, the water comes from both horizontal flow of water released by pressure 
reduction in the permeable layer and vertical flow (leakage) downward or upward from 
aquitards.  Figure 5.3-3 is a diagram of a leaky aquifer receiving leakage from the 
overlying aquitard.   
 
5.3-3.2  Aquifer Conditions 
 
5.3-3.2.1  Steady-state (Equilibrium) Conditions 
 
Under steady-state flow conditions the magnitude and direction of the flow velocity at 
any location in the aquifer is constant with time.  For such a condition to exist in an 
aquifer, there can be no change in the water level or potentiometric surface over time.  
Consequently, in order to achieve steady-state conditions during a pumping test, the rate 
of recharge to the aquifer must become equal to the rate of withdrawal.  Although in the 
strictest sense this condition is rarely achieved during a pumping test of several days to 
several weeks, long, steady-state conditions are often assumed in situations where the 
changes in head over time are so small that they can be considered negligible.  In 
practice, drawdown changes of less than about 0.1 foot over 24 hours can often be 
attributed to factors other than a lack of balance between discharge of the well and 
recharge to the aquifer.   
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5.3-3.2.2  Non-steady-state Conditions 
 
Non-steady-state conditions, also called transient or non-equilibrium conditions, occur 
when the potentiometric surface is changing over time.  In a pumping test, non-steady 
flow conditions occur from the start of the test until steady-state conditions are achieved.  
Thus, analysis of most pumping tests involves the application of only transient analytical 
methods (solutions). 
 
5.3-3.3  Aquifer Properties 
 
5.3-3.3.1  Transmissivity 
 
Transmissivity (T) is defined as the rate at which water of the prevailing kinematic 
viscosity is transmitted through a unit width of the aquifer under a unit hydraulic gradient.  
Figure 5.3-4 shows a conceptual representation of transmissivity and hydraulic 
conductivity (K).  Transmissivity is a function of the properties of the fluid, the porous 
media, and the thickness of the saturated porous media.  Transmissivity is equal to an 
integration of the hydraulic conductivities across the saturated part of the aquifer 
perpendicular to the flow direction.  Transmissivity (T) is related to hydraulic conductivity 
as follows:   
       
                T = K b 
 where,   
 
  T = aquifer transmissivity (length/time) 
  K = average hydraulic conductivity of the saturated zone (length/time) 
  b = average thickness of the saturated zone (length) 
 
The alternative English units for transmissivity are gpd/ft, which can be reduced to ft²/day 
by dividing by 7.48.   
 
The concept of aquifer transmissivity assumes horizontal flow through the aquifer that 
may be violated where vertical hydraulic gradients and vertical hydraulic conductivity are 
larger than these same components horizontally.  Because transmissivity is directly 
proportional to both the aquifer thickness (b) and the hydraulic conductivity (K), it differs 
from one aquifer to another and from place to place within a single aquifer.   
 
5.3-3.3.2  Storativity and Specific Yield 
 
Storativity, also called the storage coefficient, is a dimensionless aquifer parameter.  It is 
defined as the volume of water an aquifer releases or takes into storage per unit surface 
area of the aquifer per unit change in head.  Figure 5.3-5 is an illustration of water 
released from storage in confined and unconfined aquifers resulting from a unit decline 
in head.  The magnitude of the storage coefficient depends on aquifer type (i.e., whether 
it is confined or unconfined).  In a confined aquifer the aquifer remains saturated and the 
amount of water released during pumping is related to the thickness or the aquifer, 
compressibility of the aquifer structure and the expansion of the pore water.  
Consequently, the storage coefficient is related to the elasticity of the aquifer material 
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and that of the fluid.  Storage coefficients for confined aquifers range from 0.001 to 
0.00001 (Walton, 1988).   
 
In unconfined aquifers, the primary source of water is from gravity drainage of the pore 
spaces due to a decline in head.  This dimensionless storage parameter is called the 
specific yield; it is related to the effective porosity of the porous media.  In pumping-test 
analyses of unconfined aquifers, the terms storage coefficient and specific yield are 
often used synonymously.  Values for specific yield normally range from 0.01 to 0.3 
(Walton, 1988).  For crystalline rock aquifers, storativity may be as low as the 10-3 range. 
The storage coefficient and specific yield must be quantified to determine the amount of 
water available from an aquifer.   
5.3-3.4  Terminology 
 
The concepts relating to the description of a natural ground water flowfield caused by a 
pumping well are taken from Morrissey (1987).  Morrissey's terminology that 
accompanies his figures will be used throughout this chapter.   
 
5.3-3.4.1  Cone of Depression 
 
The cone of depression is the geometric solid included between the water table or other 
potentiometric surface after a well has begun discharging and the hypothetical position 
the water table or other surface would have had if there had been no discharge by the 
well (Theis, 1935).  This depression in the water table or other potentiometric surface 
can be visualized as a flared, cone-shaped geometric solid (see Figures 5.3-1, -2 and -
3).  The maximum drawdown occurs at the pumping well.  For a given aquifer, the cone 
of depression increases in depth and extent with increasing time until steady-state flow 
is reached.  Drawdown at any point at a given time is directly proportional to the 
pumping rate and inversely proportional to aquifer transmissivity and aquifer storativity, 
with transmissivity exerting the greater influence.   
 
5.3-3.4.2  Area of Influence 
 
The area of influence of a pumping well is the land that directly overlies and has the 
same horizontal extent as the part of the water table or other potentiometric surface that 
is perceptibly lowered by the withdrawal of water (Meinzer, 1923).   
 
Ground water in porous media flows radially to a well from all directions.  Under ideal 
aquifer conditions of homogenity and isotropy, and essentially zero natural flow gradient, 
ground water at any given distance from a pumping well flows at an equal rate towards 
the pumping well through imaginary concentric cylinders about the well (Figure 5.3-6).  
Under these conditions the area of influence is circular and the velocity is inversely 
related to the radial distance.  In reality, the area of influence is elliptical but irregularities 
may occur due to aquifer inhomogeneity.  These patterns apply to both confined and 
unconfined aquifers.   
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The size and shape of the area of influence is determined by the slope of the pre-
pumping water table or potentiometric surface, by the pumping rate, by the transmissivity 
of the aquifer and its variations, and by the degree and distribution of vertical leakage 
from aquitards.   
 
5.3-3.4.3  Zone of Contribution 
 
The zone of contribution of a pumping well is defined by Morrissey (1987) as the 
volumetric portion of an aquifer from which ground water flow is diverted to a pumping 
well.  The zone of contribution can be visualized as a three-dimensional volume of 
aquifer as depicted in cross-section and plan view in Figure 5.3-7.  It is sometimes called 
the capture zone.   
 
5.3-3.4.4  Contributing Area 
 
The contributing area of a pumping well is defined by Morrissey (1987) as the land area 
that has the same horizontal extent as that part of an aquifer, or adjacent areas, from 
which ground water flow is diverted to the pumping well.  The contributing area for a 
pumping well can be visualized as a two-dimensional bullet-shaped area on the land 
surface, as shown in Figure 5.3-7(b).   
 
Morrissey (1987) lists a number of factors that have been shown to affect the area that 
contributes flow to a pumping well.  Among these factors are:   
 
o Well discharge rate and duration of pumping period.   
 
o Aquifer transmissivity.   
 
o Aquifer storage coefficient or specific yield.   
 
o Proximity of the pumping well to aquifer boundaries.   
 
o Spatial and temporal variations in aquifer transmissivity and/or storage 
coefficient.   
 
o Spatial and temporal variations in aquifer recharge.   
 
o Partial penetration by the pumping well.   
 
o The presence of extensive confining layers.   
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One must be careful not to treat the contributing area and area of influence as identical. 
These areas can be the same only under the hypothetical circumstances where the pre-
pumping water table is perfectly flat and all aquifer properties are uniform within the area 
of influence.  When the pre-pumping water table has a gradient, as it does under nearly 
all natural conditions, the contributing area to the well will be distorted so that it extends 
a greater distance on the upgradient side and a lesser distance on the downgradient 
side.  Figure 5.3-7, based on Morrissey (1987), illustrates this point.   
 
The equilibrium water-table configuration and natural flow directions in the aquifer are 
shown in Figure 5.3-8(a).  The drawdown and area of influence for steady-state pumping 
conditions are shown in Figure 5.3-8(b).  (The area of influence is herein defined as that 
area where drawdowns caused by pumping are 0.1 feet or greater.)  Theoretically, very 
small drawdowns will extend to the boundaries of the aquifer even though they might not 
be detectable by field measurements.  The difference between the areas of influence 
and contribution for the hypothetical conditions portrayed are clearly shown on Figures 
5.3-8(b) and (c).   
 
5.3-3.4.5  Boundary Conditions 
 
The presence of boundary conditions can have a major effect on the response of an 
aquifer to pumping.  There are three basic types of aquifer boundaries that are 
significant to the interpretation of pumping tests:  (1) impermeable boundaries, 
(2) constant-head boundaries, and (3) infinite boundaries.  Impermeable boundaries, 
also known as no-flow boundaries, consist of very low permeability features, such as 
buried bedrock valley walls.  Constant-head boundaries are sources of unlimited 
amounts of water; a river is a line source of constant head (see Figure 5.3-8).  An infinite 
boundary, or open boundary, lies at a remote distance from the pumping well and does 
not affect the drawdown caused by a pumping well.   
 
5.3-4  DESIGN CONSIDERATIONS 
 
A well-conceived pumping test design will help ensure that adequate data are collected 
during the test to permit reliable calculations of the necessary aquifer parameters and a 
technically sound prediction of the long-term response of the aquifer to pumping.  
Recommended references covering design considerations are Stallman (1971), 
Kruseman and De Ridder (1983), and Walton (1988).   
 
5.3-4.1  Objectives of the Pumping Test 
 
It is important to clearly define the objectives of the pumping test prior to installing 
observation wells, pumps, or expensive instruments.  The objective(s) of the pumping 
test, in addition to budgetary constraints, will determine the number and location of 
observation wells, the duration of the test, and the number and type of water samples 
collected for analyses during the test.  If the objective of the test is merely to determine 
the yield of a well, then observation wells may not be required.  On the other hand, if the 
purpose of the test is to define the zone of contribution (i.e., capture zone) around a 
water-supply well because of concern about contamination, the test may require the 
installation of a number of observation wells and a longer pumping period.   
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In contaminated aquifers, monitoring wells may already have been installed.  Because 
existing monitoring wells are usually not suitable to serve as a pumping well, a new 
pumping well may be required to sustain a sufficient level of stress on the aquifer.  
Depending upon the locations and screened depths of existing wells, additional 
monitoring wells also may be needed for collection of useful pumping test data.   
 
5.3-4.2  Pre-test Conceptual Model 
 
A conceptual model of the aquifer should be developed as part of the pumping test 
design.  The aquifer type (confined, unconfined, or leaky) and geometry should be 
generally, if not specifically, known prior to the test.  Boundary conditions such as the 
location of lakes, streams, and valley walls should be considered as potential sources of 
recharge or diminished flux, and outlined on a map of the test area.   
 
5.3-4.3  Pre-test Response Prediction 
 
Prior to pumping it is often helpful to estimate the response of the aquifer to a set of 
assumed conditions to aid in the effective placement of observation wells, as well as to 
determine the test duration and anticipated drawdowns.  Assumed values of aquifer 
parameters (i.e., hydraulic conductivity, transmissivity, and storativity) can be used in 
simple analytical equations to predict the gross aquifer response to pumping at a 
specified rate.  From these estimates optimum distances and locations for monitoring 
wells can be selected.   
 
5.3-4.4  Long- and Short-term Tests 
 
If a long-term pumping test is planned, it is advisable to perform a short-term, step-
drawdown test on the discharge test well to determine the most appropriate pumping 
rate, evaluate the well efficiency, and observe the response in the observation wells.  
The short-term, step-drawdown pumping test will provide an estimate of the magnitude 
of the drawdown and the rate of response in the pumping and observation wells during 
the long-term test.  It is important to utilize a pumping rate that will adequately stress the 
system and produce a measurable response in the aquifer and observation wells.  An 
additional consideration, when working at contaminated sites, is to minimize the amount 
of contaminated water that is discharged from the pumping well to reduce the problems 
and cost associated with treatment and disposal of the pumped water.   
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5.3-5  CONSTANT-RATE PUMPING TESTS AND PROCEDURES 
 
There are two common types of aquifer pumping tests:  (1) constant-rate pumping tests 
and (2) step-drawdown tests.  These tests are discussed in this and the following 
subsections.  The constant-rate test is discussed in more detail than the step-drawdown 
because much of the information presented about a constant-rate test can be applied to 
a step-drawdown test.   
 
A constant-rate pumping test consists of pumping a well at a constant discharge rate for 
an extended period of time and measuring the water-level response in the pumping well 
and surrounding observation wells.  A constant-rate test may last for only a few hours 
(short-term) or it may be conducted for a period of several days, weeks, or months (long-
term).  Reliable estimates of aquifer transmissivity and storativity can usually be 
computed from constant-rate pumping test data.  Depending on the duration of the test 
and the conditions in the aquifer, aquifer boundaries (including leakage) and 
stratigraphic boundaries generally can be identified.   
 
5.3-5.1  Test Operating Requirements 
 
5.3-5.1.1  Selection of a Pump 
 
Accurate control and monitoring of the pump discharge rate is essential during a 
pumping test.  The rule of thumb is that the pumping rate should not deviate more than 
±10% during the test (Stallman, 1971).  Selection of the properly-sized pump will help 
achieve this objective.  Ideally, the pump should operate at 1/2 to 3/4 of its rated 
capacity but not at the maximum rate, inasmuch as it is difficult to stabilize the flow at 
maximum capacity.  A valve should be placed between the pump and the discharge line 
to regulate the flow.  If the valve is kept partially closed, the back pressure will help the 
pump operate more smoothly.  The proper pump size can be selected based on the 
results of a short-term step-drawdown test.   
 
5.3-5.1.2  Selection of the Pumping Rate 
 
Selection of the correct pumping rate is dependent on the objectives of the test and the 
aquifer conditions.  In general, a constant-rate pumping test is conducted at a rate 
greater than the anticipated pumping rate of a water supply or extraction well in order to 
maximize the information collected over the relatively short test period.  The maximum 
practical drawdown is often used to anticipate the optimum pumping rate for a given 
length of test.  The response of the aquifer to a short-term stress is used to extrapolate 
the effects of long-term pumping at a reduced rate.  In certain cases, such as the design 
of a remedial pumping program or two-phase product recovery program, use of a 
pumping rate similar to the anticipated rate of withdrawal is more desirable.   
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5.3-5.1.3  Measuring the Pump Discharge 
 
Monitoring of the pump discharge can be performed in several ways.  Selection of the 
most appropriate method depends on the expected pumping rate and the scope of the 
test.  Although timed bucket measurements or flow meter measurements can be used, 
their range of accuracy is usually quite limited.  A more reliable method of discharge 
measurement is the circular orifice weir method.  As shown on Figure 5.3-9, a length of 
pipe with an orifice plate on the end is attached to the pump discharge.  A small 
piezometric tube, called a manometer, taps into the side of this pipe and is attached to a 
measuring rule.  The pump discharge is monitored by maintaining a specific water level 
in the manometer throughout the test.  The height of the water level in the manometer is 
related to the discharge rate and the size and type of circular orifice.  Tables for 
manometer/orifice discharge relationships can be found in the literature.   
 
It should be pointed out that as the water level in the well declines due to pumping, the 
work required of the pump increases.  Because of the increased lift required of the pump 
to discharge at the land surface, the discharge rate may decline significantly.  In order to 
maintain a constant pumping rate, the discharge valve must be adjusted during the test 
to compensate for this effect.  Thus, the test should begin with the control valve not fully 
opened.   
 
5.3-5.1.4  Discharge 
 
The water from the pumping test should be discharged into an area where it will not 
affect the pumping test results.  This is especially important for pumping tests conducted 
in shallow, unconfined aquifers.  It is important to select a discharge line with a diameter 
large enough to eliminate the potential for back pressure on the outlet of the orifice plate, 
as this will affect the manometer reading.  If the pumping test water is contaminated, 
appropriate arrangements must be made for its storage and treatment or disposal.  In 
some cases the discharge can be treated on-site and discharged to the ground; under 
other circumstances off-site disposal may be required.  In some instances a DWPC or 
EPA permit may be required for a pump test discharge.  In all cases, DEP requires that 
the discharge options be evaluated and that the preferred alternative be approved by the 
Department.   
 
5.3-5.1.5  Observation Wells 
 
 (a)  Size Considerations  
 
 Observation well diameters should be small enough to prevent time lags in the 
drawdown response.  Generally observation wells ranging in diameter from 2- to 
4-inches are used, depending on the permeability of the aquifer.  Low 
permeability aquifers, and particularly aquitards, may require small diameter 
observation wells, such as 1-inch or 3/4-inch.   
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 (b)  Placement  
 
 A major factor influencing the size and rate of expansion of a cone of depression 
is whether an aquifer is confined or unconfined.  In general, drawdown in an 
unconfined aquifer will expand gradually and slowly from a pumping well.  By 
comparison, confined aquifer drawdown will occur quite rapidly, forming a 
comparatively steep cone of depression around a pumping well; the rate of 
expansion depends on the transmissivity of the aquifer.   
  
 If the aquifer is strongly anisotropic, the distance beyond which the flow can be 
assumed to be horizontal has been described by Walton (1988).   
 
                                  
                    r = 2b     Kh/Kv 
 
  where, 
 
   r = distance between observation and pumping wells 
(length) 
 
   b = average thickness of the saturated zone (length) 
 
   Kh  = average horizontal hydraulic conductivity of the saturated 
zone (length/time) 
 
   Kv  = average vertical hydraulic conductivity of the saturated 
zone (length/time) 
 
 Therefore, within this proximity to the pumping well, the screened interval of the 
observation wells should be placed at the same elevation as the screened interval 
of the pumping well in order to negate the effects of vertical flow.   
 
 If confined or leaky aquifer conditions are expected, placement of two or more 
observation wells in vertically adjacent strata may be desirable.  The horizontal 
placement (i.e., distance from the pumping well) of the observation wells will 
depend on the test objective(s) and the type of aquifer conditions.  If possible, 
observation wells should be placed to allow for both time-drawdown and distance-
drawdown calculations; they should also be located close to known or suspected 
aquifer boundaries to determine their characteristics.   
 
 The optimal distances that observation wells should be located from the pumping 
well can be examined through the application of the Theis equation, using best 
estimates for aquifer transmissivity and storativity.  At a minimum, two close-in 
locations and two distant locations should be monitored.  The close-in wells are 
generally at least 1.5 times the aquifer thickness from the pumped well if the 
pumped well has a short screen relative to aquifer thickness. This criterion should 
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eliminate the need to analyze the observation water-level data with partial 
penetration type-curves.  As a general rule, distant observation wells should be 
located such that, at the anticipated pumping rate, drawdowns will be greater than 
total fluctuations expected from other causes so as not to be masked.  Usually, at 
least 0.5 feet of drawdown at the end of a test is desirable.  
 
 If determination of anisotropy and/or the area of influence is of interest, observation 
wells may be placed radially around the pumping well to define the shape and size 
of the cone of depression at different times during the test.  If a moderate to steep 
potentiometric gradient (greater than approximately 0.005 ft/ft) is known to exist in 
a specific orientation, observation wells should be located along two perpendicular 
lines intersecting at the production well.  One line should be aligned with the 
general direction of groundwater flow.  If possible, the wells should be located at 1 
times and 10 times the distance from the pumping well in at least three of the four 
directions from the well along the lines (Fetter, 1988).   
 
 In some cases, existing monitoring or domestic wells are used to monitor the 
water-level response during a pumping test.  When reviewing data from such 
wells, however, the well diameter, screen length and elevations of the screened 
interval should be considered to determine their impact on the water-level 
response at the well.  In addition, previous stresses on the aquifer, mounding 
effects, or drawdowns due to extraneous pumping offsite, must be considered.   
 
 (c)  Hydraulic Communication  
 
 The degree of hydraulic response (i.e., "sluggishness") must be known at least 
qualitatively for each observation well to be monitored.  Generally the information 
is available readily for most newly completed wells, but often the hydraulic 
communication between well and aquifer is totally unknown for older wells.  Wells 
that respond sluggishly to rapid changes in aquifer head (or confined pressure) 
may not provide a valid, drawdown or recovery plot.   
 
 Slug tests can be performed on a well to establish its degree of hydraulic 
response, assuming that aquifer permeability is approximately known or can be 
estimated within an order-of-magnitude.  Many of the references cited in this 
section describe how to conduct slug tests.  The procedure is also described in 
Section 5.2 In-situ Hydraulic Conductivity Tests.   
 
5.3-5.2  Pre-test Procedures 
 
Before beginning the actual pumping test the following procedure should be followed to 
ensure getting the maximum amount of data from the test: 
  
1. Install observation wells at appropriate locations.  Geologic logs of the borings 
should be prepared to aid in the definition of aquifer conditions and interpretation of 
the pump test data.   
 
2.   Measure the water levels in the pumping well and the observation wells prior to the 
pump test.  The period of pre-test monitoring should be equal to or longer than the 
anticipated duration of the pumping test.  This pre-test monitoring will help to 
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identify the effects of barometric, tidal, or man-made influences on water levels.  If 
nearby production wells are influencing water levels in the pumping or observation 
wells, it will be difficult to interpret the water-level response during the pump test.  
Consequently, prior to conducting a pumping test, efforts should be made to 
identify and eliminate controllable disturbances such as other pumping wells.  It is 
recommended that water levels be monitored with a continuous water-level 
recorder, such as a float/chart recorder or a datalogger and transducer.  See 
Section 5.1 Water-level Measurements for more information on the types of water-
level measuring devices available.   
 
3. Perform a short-term or step-drawdown test to determine the optimum pumping 
rate to be used during the test.  Guidelines and procedures for conducting a step-
drawdown test are outlined in subsection 5.3-6.   
 
4. Set the pump discharge at the desired pumping rate.  Shut off the pump and allow 
the water level in the pumping well to return to static conditions.  Adjust the 
equipment to appropriate rates prior to the start of the test to minimize the amount 
of irregularity in the flow rate occurring in the early part of the actual test.  Failure to 
stabilize the flow at the long-term pumping rate during the first 30 seconds to 2 
minutes may jeopardize data analysis.   
 
5.3-5.3  Test Procedures for a Constant-Rate Pumping Test 
 
The following procedure should be followed to ensure consistency when conducting the 
actual pumping test: 
 
1. Record meteorological data, particularly noting rainfall before, during, and after the 
test.   
 
2. Just prior to the start of the pumping test, measure the static water levels in the 
pumping well and observation wells.   
 
3. Synchronize watches.  
 
4. Start the pump and, if adjustments are necessary, stabilize the flow rate as rapidly as 
possible.  
 
5.  Measure water levels in the pumping well and nearby observation wells at 
decreasingly frequent intervals.  Table 5.3-1 presents recommended minimum 
time intervals for measuring water levels during a constant-rate pumping test.  At 
least 10 measurements should be obtained over each log cycle; during the first 
minute, measurement frequency requires an automated technique.  (It is also 
desirable to collect automated readings during the first-few hours of a test.)   
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For wells where measurements are made manually, a reasonable attempt should 
be made to adhere to the Table 5.3-1 schedule.  In cases where electronic 
instruments are used to store digital readings, the frequency of measurement may 
significantly exceed this schedule during some log cycles.   
 
6. During the pumping test, frequently monitor the pump discharge to make certain 
that a constant discharge is maintained.  Adjust the discharge pipe valve as 
necessary.   
 
7. Record field-measured water levels on appropriate forms.  Examples of aquifer test 
forms are presented in Figures 5.3-10 and 5.3-11.  If automatic recording 
instruments are used, manual measurements should be collected periodically to 
check the instrument data.  Information about each well should also be recorded 
on the same sheet.  Important data to be recorded in a field book or on the above-
referenced forms are listed below:   
 
o Description of measuring equipment 
o Well diameter (ID) 
o Screened interval (MSL) 
o Nature of soil or rock around screen 
o Radial distance from the pumping well  
o Static water-level prior to pumping 
o Comments on activities or events that might affect the pumping test 
o Presence of a second fluid phase 
 
8. Plot the drawdown versus elapsed-time data.  Generally, semi-log plots are 
prepared but arithmetic plots are sometimes appropriate.  If type-curve matching 
is necessary, log-log plots also should be prepared.  Plotting the drawdown data 
during the test allows frequent re-evaluation of test duration for needed 
extensions, preliminary estimates of aquifer transmissivity and storativity, as well 
as early identification of aquifer boundaries, malfunctioning equipment, or 
improper data collection procedures.  Field analysis of trends and slope changes 
on data plots will indicate when adequate data have been collected and the test 
can be terminated.  
  
9. Turn off the pump.   
 
10. Measure all water levels during well recovery.  Ideally, water levels during recovery 
should be measured at the same time intervals as during drawdown.  Recovery 
measurements should be collected until water levels stabilize or attain a 98 percent 
return to pre-test levels or for the duration of the withdrawal test whichever is less.  
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5.3-6  STEP-DRAWDOWN OR VARIABLE RATE TEST 
 
A step-drawdown test is similar to a constant-rate test except that the pumping rate is 
systematically increased in a series of several steps of equal duration.  The basic 
requirements of the constant-discharge test should be maintained for each step, including 
maintaining a constant pumping rate during each step of the test, and obtaining frequent 
water-level measurements in the pumping well and observation wells.  
 
Generally, step-drawdown tests are conducted during a single day with each pumping 
step consisting of a 1-hour to 2-hour period.  Consistent time intervals permit easy 
comparison of the drawdown data.  It is desirable, but not critical, that the water level in the 
pumping well be allowed to recover to its static condition before starting the next discharge 
step of the test.   
 
Step-drawdown tests are used to determine the specific capacity of a pumping well, 
optimum pumping rates, and the percentage of turbulent and laminar flow occurring at a 
pumping well.  Under ideal, laminar-flow conditions, the drawdown in a pumping well is 
directly proportional to the discharge (Driscoll, 1986).  If the flow is not entirely laminar, 
meaning that some turbulent flow also occurs, the drawdown will be proportional to the 
discharge rate raised to some power.  Analytical equations have been developed to 
estimate the percentage of laminar versus turbulent flow from pumping wells (Driscoll, 
1986).  From such analyses a long-term test discharge rate can be selected that will avoid 
excessive turbulent flow.   
 
5.3-7  DATA ANALYSIS 
 
There are numerous methods available to evaluate pumping test data that utilize analytical 
equations, graphical techniques, numerical techniques, and/or computer-assisted 
techniques.  These methods all depend on several different, but simplifying, assumptions.  
The art and skill in analyzing pumping tests requires the application of the appropriate 
analytical techniques to the specific aquifer and test conditions.  Unfortunately, the 
analytical solutions of many drawdown and recovery tests are not unique.  Correct 
evaluation requires a good understanding not only of the test response, but also of the 
geology in the test area and the hydrologic boundaries and anomalies.   
 
When reviewing pumping test data, it is important to evaluate the simplifying assumptions 
of the method being applied to assure that it fits the aquifer and test conditions.  Incorrect 
application of analytical methods can produce apparently realistic values of transmissivity 
and storativity, but may not provide reliable estimates of long-term aquifer response to 
pumping.  At some sites, aquifer properties, such as transmissivity, can vary by as much 
as a factor of 10 from one location to another.  Commonly, transmissivity, as determined 
from observation well data, will vary by a factor of 2 to 3.   
 
Due to the large number and complexity of the various methods for analyzing pumping 
test data, only a few will be presented here for illustrative purposes.  Table 5.3-2 is a 
compilation of some commonly used methods to analyze aquifer pumping test data, along 
with the basic assumptions inherent in each method and the source.  Readers should refer 
to the sources directly in order to correctly apply the appropriate method.  An excellent 
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reference on this subject has been written by Kruseman and DeRidder (1983).  The basic 
assumptions that should be determined and a description of analytical methods are 
discussed briefly below.   
 
5.3-7.1  Basic Assumptions 
 
Prior to selecting a specific method for analyzing the data, the following basic test 
conditions should be identified:   
 
o Aquifer type (confined, unconfined, or leaky).  
 
o Aquifer conditions (homogeneity, degree of isotropy, limits of areal extent, and 
natural flow gradient).   
 
o Well characteristics (screen fully or partially penetrating the aquifer; possibility of 
wellbore or casing storage effects).  
 
o Test type (constant-rate or step-drawdown).  
 
o Test termination status of aquifer conditions (steady-state, non-steady-state).  
 
o Boundaries (type and location).   
 
o Seasonal trend effects.   
 
o Weather effects (prior to test, during pumping, during recovery).   
 
Once these variables have been described, an appropriate method can be selected for 
analyzing the pumping test data.   
 
5.3-7.2  Analysis of Pumping Test Data 
 
Analysis of pumping test data usually incorporates graphical data plots of time versus 
drawdown or distance versus drawdown and the application of analytical equations.  
There are basically two general types of methods used to evaluate well data:  (1) type-
curve matching methods, and (2) analytical solutions based on best linear fits derived from 
data plots.  If possible, more than one specific method should be used to calculate aquifer 
parameters.  If the aquifer and test conditions meet the applicability requirements of more 
than one method, alternative methods should produce reasonably close values of 
transmissivity and storativity.   
 
In some cases, drawdowns may need to be corrected for various well effects such as 
partial penetration, barometric change, antecedent trends, aquifer dewatering, etc.  
References such as Todd (1980), Walton (1988), Stallman (1971), or Kruseman and 
DeRidder (1983) should be consulted.   
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5.3-7.2.1  Type-Curve Matching 
 
Type-curves have been developed for a number of aquifer conditions, including confined, 
unconfined and leaky aquifers, delayed-yield effects for unconfined aquifers, steady-state 
and non-steady-state conditions, and effects of partial penetration.  Pumping test data can 
be plotted and compared to a variety of type-curves in order to assess the conditions 
prevailing during the test.  Although the type-curve method is somewhat subjective, it does 
allow for evaluation of complex aquifer responses that is not possible with simple 
analytical methods.  A number of investigators have published type-curve matching 
methods, the most often referenced being Theis (1935), Hantush (1964), Cooper-Jacob 
(1946), Boulton (1954), Neuman (1975) and Neuman et al. (1984) (see Table 5.3-2).   
 
Several computerized methods of curve matching are available for use when analyzing 
pumping test data, but the programs must be used with extreme caution because analysis 
of an aquifer test is not unique.  Various combinations of aquifer conditions can yield the 
same drawdown response during a given test.  Leaky aquifer effects may appear very 
similar to recharge boundary conditions.  Consequently, a large amount of hydrologic 
judgment must be used when interpreting the fit, or match, of aquifer type curves to field 
drawdown data.  Depending on the sophistication of the computer program and the user, 
the program may simplify or normalize the data so that important subtle response 
characteristics are obscured.  Therefore, it is best to use carefully prepared plots of the 
test data and first perform the matching exercise manually in order to evaluate the various 
combination of aquifer conditions that might occur to produce a particular plot.   
 
The general procedure for type-curve matching is described below:   
 
1. The drawdown versus time data are plotted on a standard 3x5 cycle log-log graph.  
 
2. The plot is overlain on the appropriate type-curve and a match-point is determined.   
3. The match-point coordinates are taken from the plot and used in the calculation of 
the aquifer parameters.   
 
Two examples of a type-curve matching method are presented in the Appendices.  Figure 
A-1 illustrates the matching technique and solved equations for transmissivity and 
storativity for a Theis aquifer condition.  A common aquifer condition of leakage through an 
aquitard that has negligible storativity is illustrated by a field example from Walton (1962) 
in Figure B-1.   
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5.3-7.2.2  Analytical Solution 
 
Methods using analytical solutions consist of plotting the test data on semi-log or log-log 
graph paper and determining the slope of the plot or some other parameter, such as the y-
intercept.  This value is then used in the appropriate equation to calculate the aquifer 
parameters.  These methods are less subjective than the type-curve method, but cannot 
be used if the data are affected by delayed yield or non-steady, leaky conditions.  The 
most commonly used analytical solution is the Jacob Straight-line method, which is 
presented in Appendix C.  An example of the application of the Jacob solution, showing 
solved equations for transmissivity and storativity, appears in Figure C-1.   
 
                                                   Section 5.3 
                                                   Page 19 
                                                   January 1991 
 
  
REFERENCES 
 
 
Bear, J., 1979, Hydraulics of groundwater:  New York, NY, McGraw-Hill, 569 p.   
 
Boulton, N.S., 1954, Unsteady radial flow to a pumped well allowing for delayed yield from 
storage:  International Association of Scientific Hydrology Publication 37, pp. 472-
477.   
 
__________, and Streltsova, T.D., 1976, The drawdown near an abstraction well of large 
diameter under non-steady conditions in an unconfined aquifer:  Journal of 
Hydrology, v. 30, pp. 29-46.   
 
Cooper, H. H., Jr, and Jacob, C.E., 1946, A generalized graphical method for evaluating 
formation constants and summarizing well field history:  American Geophysical 
Union, Transactions, v. 27, no. 4, pp. 526-534.   
 
DEP, Division of Water Supply, 1989, Guidelines and policies for public water systems: 
Boston, MA.   
 
Driscoll, F.G., 1986, Ground water and wells, 2nd ed.:  St. Paul, MN, Johnson Div., 1089 
p.   
 
Fetter, C.W., Jr., 1988, Applied hydrogeology:  Columbus, OH, Charles Merrill Publishing 
Co., 488 p.   
 
Freeze, R.A., and J.A., Cherry, 1979, Groundwater: Englewood Cliffs, NJ, Prentice-Hall, 
604 p.   
 
Hantush, M.S., and Jacob, C.E., 1955, Non-steady radial flow in an infinite leaky aquifer:  
Transactions of the American Geophysical Union, v. 36, no. 1, pp. 95-100.   
 
Hantush, M.S., 1961, Drawdown around a partially penetrating well, Journal of the 
American Society of Civil Engineers, v. 87, no. HY4, pp. 83-98.   
 
_____________, 1964, Hydraulics of wells:  in Advances in Hydroscience, V.T. Chow, 
editor, New York, NY, Academic Press, pp. 281-442.   
 
Kruseman, G.P., and De Ridder, N.A., 1983, Analysis and evaluation of pumping test 
data, 3rd ed.:  Wageningen, The Netherlands, Institute of Land Reclamation and 
Improvement, Bulletin 11, pp. 41-49.   
 
Lohman, S.W., 1979, Groundwater hydraulics: Washington, DC,USGS Professional Paper 
708, 70 p.   
 
 
 
 
 
                                                   Section 5.3 
                                                   Page 20 
                                                   January 1991 
 
REFERENCES 
(continued) 
 
Meinzer, O.E., 1923, The occurrence of groundwater in the United States, with a 
discussion on principles:  Washington, DC, USGS Water Supply Paper 489, 
Government Printing Office, 321 p.   
 
Morrissey, D.J., 1987, Estimation of the recharge area contributing water to a pumped well 
in a glacial-drift, river-valley aquifer:  U.S. Geological survey Open-file Report 86-
543, 60 p.   
 
Murray, W.A., 1987, Discussion of "An alternate procedure for analyzing  aquifer tests 
using the Theis nonequilibrium solution", by O.L. Frank:  Ground Water, v.25, no. 
5, p. 616-617.   
 
Neuman, S.P., 1975, Analysis of pumping test data from anisotropic unconfined aquifers 
considering delayed gravity response:  Water Resources Research, v.11, no.2, pp. 
329-342.   
 
__________, Walter, G.R., Bentley, H.W., Ward, J.J., and Gonzale, D.D., 1984, 
Determination of horizontal aquifer anisotropy with three wells:  Ground Water, v. 
22, no. 1, pp. 66-72.   
 
Sen, Zekai, 1988, Dimensionless time-drawdown plots of late aquifer test data: Ground 
water, v. 26, no. 5, pp. 615-618.   
 
Stallman, R.W. 1971, Aquifer test design, observations, and data analysis:  USGS 
Techniques of Water Resources Investigations,  
      Book 3, Chapter B1.   
 
Streltsova, T.D., 1974, Drawdown in compressible unconfined aquifer:  Proceedings, 
American Society of Civil Engineers, Journal of Hydraulics Division, v. 100, no. 
HY11, pp. 1601-1616.   
 
Theis, C.V., 1935, The relation between the lowering of the piezometric surface and the 
rate and duration of discharge of a well using ground water storage: Washington, 
DC, Transactions, American Geophysical Union, pp. 518-524.   
 
Thiem G., 1906, Hydrogische methoden:  Leipzig, Germany, Gebhardt, 56 p.   
 
Todd, D.K., 1980, Groundwater hydrology:  New York, NY, John Wiley,  
 535 p.  
 
Walton, W.C., 1962, Selected analytical methods for well and aquifer evaluation:  Illinois 
State Water Survey Bulletin No. 49, Urbana, Illinois, 81 p.   
 
__________, 1988, Groundwater pumping tests:  design and analysis:  Chelsea, MI, 
Lewis Publishers, Inc., 201 p. 
 
 
                                                   Section 5.3 
                                                   Page 21 
                                                   January 1991 
 
 
REFERENCES 
(continued) 
 
Way, S.C., and McKee, C.R., 1982, In-situ determination of three-dimensional aquifer 
permeabilities:  Ground Water, v. 20, no. 5, pp. 594-603.   
 
Weeks, E.P., 1969, Determining the ratio of horizontal to vertical permeability by aquifer 
test analysis:  Water Resources Research, v. 5, no. 1, pp. 196-214.   
 
Witherspoon, P.A., Javandel, I., Neuman, S.P., and Freeze, R.A., 1967, Interpretation of 
aquifer gas storage conditions from water pumping tests:  New York, NY, 
American Gas Association, 273 p.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                   Section 5.3 
                                                   Page 22 
                                                   January 1991 
 
ADDITIONAL REFERENCES 
 
Bouwer, H., 1978, Groundwater hydrology:  New York, NY, McGraw-Hill, 479 p.   
 
Hantush, M.S., and Jacob, C.E., 1960, Modification of the theory of leaky aquifers:  
Journal of Geophysical Research, v. 65, no. 11, p. 3713-3725.   
 
Jacob, C.E., 1946, Radial flow in a leaky artesian aquifer: Transactions of the American 
Geophysical Union, v. 27, no. 2, pp. 198-205. 
 
__________, 1963.  Determining the permeability of water-table aquifers: in Bentall, 
Ray, complier, methods for determining permeability, transmissibility, and drawdown: 
USGS Water Supply Paper 1536-I, pp. 245-271. 
 
Papadopulos, I. S., 1967, Drawdown distribution around a large-diameter well: 
Proceedings, Ground Water Symposium, American Water Resources Association, 
pp. 157-167. 
 
U. S. Bureau of Reclamation, 1977, Ground water manual: Washington, D.C., U.S. 
Government Printing Office, 480 p. 
 
Walton, W. C., 1970, Groundwater resource evaluation: New York, NY McGraw Hill, 644 
p. 
 
            
 
                                                   Section 5.3 
                                                   Page 23 
                                                   January 1991 
 
 
LIST OF FIGURES 
 
 
Figure       Title                                    Page No. 
 
5.3-1 Schematic Section of a Confined Aquifer 
      Subjected to Pumping ...............................................................................  23 
 
5.3-2 Schematic Section of an Unconfined Aquifer 
 Subjected to Pumping ................................................................................. 24 
 
5.3-3 Schematic Section of a Leaky Aquifer 
 Subjected to Pumping ...............................................................................  25 
 
5.3-4 Conceptual Representation of Transmissivity 
             and Hydraulic Conductivity for a Confined Aquifer ..................................  .26  
 
5.3-5 Conceptual Representation of Storativity in 
  Confined and Unconfined Aquifers ...........................................................  27 
 
5.3-6 Convergent Uniform Radial Flow in a  
            Homogeneous, Isotropic Aquifer Due to Pumping  
             of a Fully-penetrating Well.........................................................................   28 
 
5.3-7 Diagrams of Groundwater Flow Around a 
 Pumping Well............................................................................................    29 
 
5.3-8 Flow Diagrams for a Hypothetical Aquifer  
  
 (a)  Showing Non-pumping Potentiometric Configuration ........................   30 
 (b)  Showing Area of Influence ..................................................................  30 
 (c)  Showing the Contributing Area of the Well ........................................    30 
 
5.3-9 Diagram Illustrating the Circular Orifice Weir 
 Method for Measurement of Well Discharge ............................................  31 
 
5.3-10 Example of an Aquifer Test Data Form for 
 Recording Water-level Drawdown.............................................................   32 
 
5.3-11 Example of an Aquifer Test Data Form for 
 Recording Water-level Recovery ..............................................................   33 
 
 
 
 
 
 
 
 
                                                   Section 5.3 
                                                   Page 24 
                                                   January 1991 
 
                                              
LIST OF TABLES 
 
Table    Title                                        Page No. 
 
5.3-1 Minimum Recommended Time Intervals for 
 Measuring Water-levels During a 
 Constant-rate Pumping Test ......................................................................  34 
 
5.3-2 Commonly Used Methods for Analyzing Aquifer 
 Pumping Test Data (Porous Media) 
 
 Page 1 of 2 .................................................................................................  35 
 Page 2 of 2 .................................................................................................  36 
 
 
 
 
                                                   Section 5.3 
                                                   Page 25 
                                                   January 1991 
 
 
                                                   Section 5.3 
                                                   Page 26 
                                                   January 1991 
 
 
                                                   Section 5.3 
                                                   Page 27 
                                                   January 1991 
 
 
                                                   Section 5.3 
                                                   Page 28 
                                                   January 1991 
 
                                                   Section 5.3 
                                                   Page 29 
                                                   January 1991 
 
                                                   Section 5.3 
                                                   Page 30 
                                                   January 1991 
 
                                                   Section 5.3 
                                                   Page 31 
                                                   January 1991 
 
 
                                                   Section 5.3 
                                                   Page 32 
                                                   January 1991 
 
 
                                                   Section 5.3 
                                                   Page 33 
                                                   January 1991 
 
                                                   Section 5.3 
                                                   Page 34 
                                                   January 1991 
 
 
                                                   Section 5.3 
                                                   Page 35 
                                                   January 1991 
 
                                                   Section 5.3 
                                                   Page 36 
                                                   January 1991 
 
                                                   Section 5.3 
                                                   Page 37 
                                                   January 1991 
 
                                                   Section 5.3 
                                                   Page 38 
                                                   January 1991 
 
                                                   Section 5.3 
                                                   Page 39 
                                                   January 1991 
 
 
 
APPENDICES 
 
 
Appendix   Title                                      Page No. 
 
  A Application of the Theis Curve-matching  
 Method ............................................................................................................  38 
 
  B Application of Walton's Type-curves for a Leaky 
 Semi-confined Aquifer without Storage in the 
 Aquitard .........................................................................................................   41 
 
  C Application of Jacob's Straight-line Method ..............................................  44 
 
 
                  
LIST OF APPENDICES FIGURES 
 
 
Appendix   Title                                      Page No. 
 
  A-1     Example of Analysis of Pumping Test 
           Data Using the Theis Curve Method.........................................................   40 
 
  B-1      Example of Analysis of Pumping Test Data 
  Using Walton's Method for a Leaky Aquifer 
 with Negligible Aquitard Storage ................................................................  43 
 
  C-1      Example of Jacob's Straight-line Analytical 
 Solution .......................................................................................................  49 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                   Section 5.3 
                                                   Page 40 
                                                   January 1991 
 
 
 
 
APPENDIX A 
 
 
Application of the Theis Curve-matching Method 
 
The transmissivity (T) and storativity (S) of an aquifer can be determined by this method if 
the following conditions are satisfied, or if it is assumed that these conditions are not 
seriously violated.   
 
o The aquifer is homogenous and isotropic 
 
o The aquifer boundaries are beyond the edge of the drawdown cone of the 
pumping well during the entire test period 
 
o The discharging well penetrates the full thickness of the aquifer 
 
o The well diameter is not large enough to cause casing storage effects at 
the test discharge rate 
 
o No vertical leakage of water occurs from aquitards either overlying or 
underlying the pumped aquifer 
 
Using the type-curve matching procedure given in Section 5.3-7.2.1, aquifer transmissivity 
is calculated as:   
 
             T =  114.6 Q  W(u) 
     s 
 
 where, 
 
  T        =     aquifer transmissivity (gpd/ft) 
 
  Q   = average pumping rate in gallons per minute (gpm) 
 
  s        =  drawdown read from data plot corresponding to the 
selected match point (feet)  
 
  W(u)   = the exponential integral called the well function of u, which is 
usually selected during type-curve matching to be a value of 1 on 
the Y-axis of the Theis-curve plot (dimensionless) 
 
Aquifer storativity is calculated for each observation well plot (but not the pumped well) of 
either drawdown or recovery as:   
 
   S  =  T t u  
     1.87 r² 
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 where, 
 
  S = aquifer storativity (dimensionless) 
 
  T = transmissivity calculated using the above equation (gpd/ft) 
 
  t = time read from data plot corresponding to the selected match point 
(converted to days) 
 
  r = radial distance from pumping well to observation well (feet) 
 
  u = the independent variable of the function W(u), which is usually s  
 
If drawdown versus time data are available for two or more observation wells located at 
differing distances from the pumped well, the data should be plotted on the X-axis as t/r.   
This procedure removes the variable distance factor, and will cause drawdowns of all wells 
to lie along a single positioning of theTheis-curve, if the Theis conditions given above are 
satisfied. 
 
Figure A-1 gives an example of the application of the Theis method with solved equations 
for transmissivity and storativity.  In this case, a moderately fractured and weathered 
dolomite aquifer is confined by the overlying clayey residuum.  Due to the thinness of the 
fractured zone (about 20 ft) and the relatively high aquifer storativity, drawdown did not 
reach the observation well at a distance of 300 feet until about 200 minutes pumping at 10 
gpm.  The wandering of data points along the Theis-curve (Figure A-1) is typical of tests 
conducted where the aquifer possesses a minor degree of geologic heterogeneity. 
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 APPENDIX B 
 
Application of Walton's Type-curves for a Leaky Semi-confined Aquifer without Storage in 
the Aquitard 
 
One of the more common reasons that drawdown data do not plot along the Theis curve is 
that a significant quantity of water being pumped from a well comes from vertical leakage 
from adjacent aquitards.  An aquitard is a geologic unit that immediately overlies or 
underlies an aquifer, and partially confines the aquifer.  Aquitards possess a high enough 
vertical hydraulilc conductivity to allow leakage of water into the aquifer under hydraulic 
gradients. 
 
Families of type-curves have been developed for two different leaking aquitard conditions:  
(a) leakage without water derived from aquitard storage, and (b) leakage of water derived 
exclusively from aquitard storage.  Condition (a) generally occurs when the aquitard is 
relatively thin and/or relatively permeable, and is in contact with a second aquifer (called a 
source bed).  Condition (b) occurs when the aquitard is relatively thick and has very low 
hydraulic conductivity compared to the pumped aquifer.  The leakage-with-storage 
response may also appear on data plots of short duration pumping tests if actual geologic 
conditions are between (a) and (b).  Lohman (1979) advised that "thorough knowledge of 
the geology, including the character of the confining beds, should indicate in advance 
which of the two leaky aquifer type-curves to use, or whether to use the Theis type-curve 
for non-leaky aquifers."  
 
The analytical procedure to interpret drawdown measured at an observation well follows 
nearly the same data-plotting and curve-matching routine as for the Theis method.  Data 
are prepared and plotted as discussed in Section 5.3-7.2.1.  The field data plot is fitted to 
the most appropriate curve in the family of type-curves, and a match point corresponding 
to the type-curve coordinates of unity (if possible) is determined.  The equations for 
calculating transmissivity and storativity are the same as those given in Appendix A (Theis 
method).  W(u) and u essentially become leaky well function parameters, with the match 
point location on the data plot giving s and t values that reflect leakage.   
 
The example shown in Figure B-1 is for leaky condition (a), where a 63-foot thick aquifer is 
overlain by a 20-foot thick aquitard that is, in turn, overlain by a second aquifer.  It is 
assumed that recharge to the source bed maintains a constant head in this bed, balancing 
loss of water due to vertical leakage to the pumped aquifer.   
 
The drawdown plot in Figure B-1 has been matched with a specific leakage curve 
(r/B = 0.2).  All curves in this family of type curves go flat (no increase in drawdown with 
time) when the drawdown cone expands radially far enough so that the total rate of 
leakage equals the constant discharge rate of the well.  This condition occurs at about 
200 minutes in the example.  The Theis-curve is shown in its appropriate position for the  
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given match point to illustrate the increasing difference of drawdowns between a non-leaky 
and a leaky analysis with elapsed pumping time.   
 
The vertical hydraulic conductivity (K') of the aquitard can be calculated in leaky aquifer 
analyses once the transmissivity and fitted type-curve are known.  For leaky conditions 
with no aquitard storage, the equation for K' is:   
 
           K' =  T b' 
                  B²                                 
 where, 
 
  K' = vertical hydraulic conductivity of aquitard (gpd/ft2) 
  b' = aquitard thickness (feet) 
  B  = leakage factor, derived by dividing the radial distance 
       (r) by the numerical value of the matched curve (feet) 
  T  = aquifer transmissivity (gpd/ft) 
 
Figure B-1 shows this calculation for the above field example.   
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 APPENDIX C 
 
 
Application of Jacob's Straight-line Method 
 
Jacob's method is based on the modification of Theis' equation and is represented by the 
following equation:   
 
   s = 264 Q log   0.3T t 
          T              r2S 
 
 where, 
 
  s  =  drawdown in the aquifer at a point corresponding to  r and at time 
of t (feet) 
 
  Q  =  test discharge rate (gallon per minute) 
 
  T  =  aquifer transmissivity (gallon per day/foot) 
 
  t  =  time since pumping began at rate Q (minutes) 
 
   r   =      radial distance from observation well to pumping well (feet) 
 
  S  =  aquifer storativity (dimensionless) 
 
A plot of drawdown (s) versus time (t) on semi-logarithmic paper (with t on the logarithmic 
scale) should form a straight line having a slope   Δ s/log t with an absolute value equal to 
264 Q/T.  When this line is extended until it intercepts the time-axis (i.e., where s = 0), the 
time interception point is termed to.   
 
By constructing the best-fit straight line through the data points on the semi-logarithmic 
plot, the values of transmissivity (T) and storativity (S) may be computed as:   
 
   T = 264 Q 
          Δs 
 
   S = 0.3T to 
                         r2 
Where, 
 
 Δs  = drawdown over one log cycle along straight line (feet) 
 
 to  =     time-axis intercept of straight line (minutes)         
 
and, all other terms are as defined above.   
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Use of the Jacob method has been prolific among pumping test analysts  
because of its simplicity, general applicability to both confined and unconfined aquifers, 
and dependence on late-time test data rather than early time data, which normally are 
much more susceptible to inaccuracies in field procedures.  However, this method must 
be used with caution as it is invalid for some of the commonly encountered physical 
constructions of aquifers and their flow conditions (Sen, 1988).   
 
The basic underlying assumptions for use of the Jacob method are: 
 
 1) the well discharge (Q) is held at a constant rate throughout the test (a variance 
of 10 percent may jeopardize interpretation).   
 
 2) the pumped well is open to the full thickness of a homogeneous, isotropic, and 
uniformly thick aquifer.   
 
 3) well casing storage is negligible at the test discharge rate, or the initial time 
duration of affected drawdown or recovery data is so short that it does not cause 
inappropriate straight-line fitting.   
 
 4) discharge from the well (and recovery of the drawdown cone) is by water 
derived exclusively from storage in the aquifer (i.e., no vertical leakage from 
underlying or overlying aquitards).   
 
Conditions under assumptions 1-3 are usually controllable by the investigator and should 
be readily testable.  An equation to calculate the elapsed pumping time (tc) when casing 
storage becomes negligible is:   
 
   0.6 (dc - dp) 
           tc = _____________ 
   Q/s 
 
 where, 
 
  dc = inside diameter of well casing (inches) 
 
  dp =  outside diameter of pump column pipe (inches) 
 
  Q/s = specific capacity of the well (gpm/ft of drawdown) at time tc 
 
The Jacob method will not give correct values for transmissivity and storativity if the plotted 
data that are fitted to a straight line are affected by the cone of depression encountering 
aquifer boundaries, either barrier or recharge types.  Barrier boundaries will cause the 
slope of the plotted data to increase, while a recharge boundary (such as a river) will 
cause the slope to decrease.  Vertical leakage will result in the data plot becoming convex 
for a variable period of time followed by another variable time span during which a nearly 
straight-line trend is likely.   
 
If leakage is present, the initial straight-line plot segment usually will not conform to Jacob 
method requirements, and the later straight-line segment is always invalid.   
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A specific mathematical requirement for valid application of the straight-line method, cited 
by many authors, is that u (called a dimensionless time factor) be less than about 0.01 for 
the data points fitted to a straight line.  Theis (1935) derived u as:   
 
  μ =     r2 S     
                 1 - 4 t T 
   
where (in consistent English units), 
 
  r  = radial distance of observation well from pumping well (feet) 
  S = aquifer storativity (dimensionless) 
  T = time (elapsed) of data point being tested (days) 
  T = aquifer transmissivity (feet squared per day) 
 
In practice, it has been found that u may reach about 0.1 before this technique becomes 
invalid (Murray, 1987).   
 
Sen (1988) points out that non-Darcian turbulent flow near the well will invalidate a Jacob 
analysis of drawdown data that follow a straight line on semi-log plots.  In his article, Sen 
gives a rigorous data-manipulation procedure to check the validity of the Jacob method for 
any data set.  Although the Sen test could be performed regularly, it is recommended that 
when any analysis is being performed on data collected in a geologic setting that 
potentially may deviate from the Jacob-method requirements, a log-log, type-curve 
analysis also be performed.  Commonly, the two approaches complement and/or 
corraborate interpretations of one another.   
 
An example of the Jacob straight-line method applied to pumping test recovery data is 
given in Figure C-1 (Appendix).  Instead of simply plotting drawdown versus elapsed time 
as would be done for data collected during pumping, residual drawdown is plotted against 
total elapsed time since pumping began divided by elapsed time since pumping stopped 
(t/t').  Residual drawdown is the difference between the water-level elevation 
corresponding to any given t' and the pre-pumping static elevation.   
 
In Figure C-1, recovery data were not collected long enough for the water level to return to 
the pre-pumping static level.  However, the fitted straight-line is extended to zero residual 
drawdown where a value is read for t/t', and subsequently a t' value can be determined for 
use in Jacob's storativity equation.   
 
Recovery analyses often give more reliable values of transmissivity and storativity than 
drawdown analyses.  When pumping rates are low due to low permeability geologic 
materials typical of many contamination sites, the effect of variable discharge at low rates 
during a test is minimized by analyzing recovery data with the Jacob method.  The 
average pumping rate for the entire period of pumping must be used in Jacob's equation 
for transmissivity. 
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5.4  PACKER TESTS 
 
5.4-1  PURPOSE 
 
Water pressure tests or "packer tests" are in-situ tests performed to measure the 
permeability of a specific zone in a bedrock borehole.   Water pressure tests are used to 
estimate bedrock permeabilities for hydrogeologic studies and in estimating grouting and 
dewatering requirements for construction purposes.   
 
Packer tests may be done during the advancement of the borehole or after drilling is 
completed.  Packer tests are usually conducted in NQ/NX-size (3-inch) boreholes, but can 
be conducted in boreholes of a larger size.  The test involves placing expandable packers, 
either mechanical or pneumatic, in a borehole. A pneumatic packer assembly is preferred 
because it is easier to use and provides a more positive seal. A section of the borehole, 
usually five feet in length, is sealed off with the packers.  Water is then pumped through 
the zone between the packers at a known pressure. The rate of flow into the formation is 
measured with a flow meter. The permeability of the test zone is calculated using the data 
obtained in the test.   
 
5.4-2  METHODOLOGY 
 
The following methodology was designed to present the general requirements of a 
bedrock packer test.  It is advisable to consult additional references before actually 
performing this type of test. 
 
1. Flush the borehole with clean water to remove cuttings.  Measure the depth of the 
borehole, and check for caving.  Be sure that an adequate reserve of water is 
available to avoid running out of water during a test.   
 
2. Determine the test zone. The test section length should be a minimum of 5 times the 
diameter of the borehole. Avoid placing the packer in a zone of fractured rock or in 
the bottom of the casing because leakage will occur. Keep the rock core or drilling 
logs handy to refer to during the test. 
 
3. Maintain the test pressures below what is commonly referred to as the Maximum 
Water Pressure (Pmax). This should avoid the chance of hydrofracturing (loosening) 
the rock mass. Pmax is determined by the following formula:   
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   Pmax = (H1) (1 psi/ft) 
 
   (Note:  in highly fractured rock this should 
     not exceed 0.75 psi/ft.) 
 where,  
  H1   = depth in feet from ground surface to the                              
  bottom of the upper packer 
 
 During test operations the water pressures are observed at the gauge.  The 
Maximum Gauge Pressure (GPmax) is calculated by the following formula:   
 
   Gpmax = (H1+H3) (1 psi/ft) - (H1-H2) (.43 psi/ft) 
 where,  
    
   H1 = depth in feet from ground surface to the  
    bottom of the upper packer 
 
   H2 = depth in feet from ground surface to the  
    static water level 
 
   H3 = height in feet of pressure gauge above 
    ground surface 
 
 The depth and height variables (H1, H2 and H3) are shown on Figure 5.4-2.   
 
 When significant flow rates are encountered during the test the gauge pressure may 
need to be increased to compensate for system pressure loss due to frictional head 
loss.  This is an unusual situation.   
 
4. To ensure that the packer system is not leaking, test it prior to the start of the actual 
permeability test.  This can be done by installing the packer in a piece of steel 
casing and conducting the test as if it were being done in the borehole.  The water 
pressure must not exceed the Packer Inflation Pressure (see Step #5, below).  
Calibration for a particular test assembly can be obtained on site by laying the 
system out on the ground and pumping water through the system while collecting 
the data as if the test were being performed in-situ.  Check the hose for leaks.  
Check the water meter to assure that it is working properly.   
 
5. Determine the Packer Inflation Pressure (PIP), by performing the following steps:   
 
 Step 1 - Establish Minimum Inflation Pressure (MIP) (i.e., the pressure required 
to inflate the packers in the casing so that they can no longer be 
pushed or pulled through the casing)  
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      Step 2 -Establish the Static Head Pressure (Ps) in psi at the test depth by 
the following calculation:   
 
    Ps = (H1-H2) (0.43 psi/ft) 
  where,  
     
    H1  and H2 are as above 
 
 Step 3 - Make sure the Packer Inflation Pressure (PIP) equals the Minimum 
Inflation Pressure (MIP) plus the Static Head Pressure plus the 
Maximum Gauge Pressure (Gpmax) of the test zone between the 
packers.  This is sometimes written as follows:   
 
    PIP = MIP + Ps + Gpmax 
 
6. Determine the static water level in the borehole prior to the installation of the packer.  
 
7. Assemble and install the packer equipment in the borehole.  Measure each rod to 
top of coupling as it goes into the hole.  Be sure rods are tightened to prevent 
leakage at the joints; teflon tape may be helpful.  Number the rods for easy tracking 
of the packer location for sequential tests.  Lower the equipment to the location of 
the deepest test.  Figures 5.4-1 and 5.4-2 depict configurations for mechanical and 
pneumatic packer tests.   
 
8. Before performing the first test, bleed air out of the lines by forcing water through the 
packer system assembly before the packers are inflated.  Inflate both packers to the 
required packer pressure.  Double packers are usually spaced five feet apart, but 
spacing can be varied to meet specific test requirements.   
 
9. Before starting the test, review the Packer Test Data Sheets (Figure 5.4-3) and 
record the following: 
 
o Test number 
o Test section (i.e., length) 
o Hole size 
o Height of pressure gauge above ground surface 
o Ground surface elevation 
o Depths to rock surface, ground water, bottom of boring, bottom of upper packer, 
and to top of lower packer 
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10. Conduct the bedrock packer test in three stages:   
 
 Step 1 - 1/2 Gpmax  
 
   Pump water into the system and record observations of gauge pressure 
and water meter at 30-second intervals for at least three to five minutes 
after a constant rate of flow is reached.   
 
 Step 2 -  Full Gpmax  
 
   Pump water into system and record observations of gauge pressure 
and water meter at 30-second intervals for at least three to five minutes 
after a constant rate of flow is reached.   
 
 Step 3 -  Full Gpmax plus 20 psi increase on the Packer Inflation Pressure 
 
   Increase Packer Inflation Pressure by 20 psi.  Pump water into the 
system and record observations of gauge pressure and water meter at 
30-second intervals for at least three to five minutes after a constant 
rate of flow is reached.  The results of Steps 2 and 3 should be similar.  
If they are not, Step 3 should be repeated, increasing the Packer 
Inflation Pressure by an additional 20 psi.  This is done to check for 
leakage past the packers.   
 
 For all test steps, record water levels in the casing during the test.  If the water level 
rises or bubbles appear during the test, the packers may not be sealed and the test 
results may be suspect.  Measurements of doubtful accuracy must be noted, along 
with a description of the questionable aspects. If possible, testing should be 
continued until accurate data is obtained.  It may be necessary to move the packer 
assembly a short distance to obtain an adequate seal.   
 
11. If leakage of water from the packed section into the surrounding rock is so great that 
the Gpmax cannot be reached, run the pump at its full capacity with the bypass 
valve closed.  Record the volume of water pumped into the test section and the 
associated pressure readings at timed intervals.  This data will give a minimum 
value of the rock permeability.   
 
12. Upon completion of the test, deflate the packers and move to the next test depth.  
Complete log sheets (see Figure 5.4-3).   
                                                   Section 5.4 
                                                   Page 5 
                                                   January 1991 
                                                                         
 
 
 
13. The same test methodology may be used with a single packer.  Single packer tests 
are conducted either as the borehole is advanced or after the entire borehole has 
been completed.  With this test configuration the bottom of the borehole takes the 
place of the second packer.   
 
5.4-3  COMPUTED ROCK MASS PERMEABILITY 
 
Compute the rock mass permeability.  Additional data required for each test are as follows: 
 
 (1)    depth of hole at time of each test;  
 (2)    depth to bottom of top packer;  
 (3)    depth to top of bottom packer; 
 (4)    depth to water level in borehole at frequent intervals; 
 (5)    elevation of potentiometric level; 
 (6)    length of test section; 
 (7)    radius of hole; 
 (8)    length of packer; 
 (9)    height of pressure gauge above ground surface; 
 (10)   height of water swivel above ground surface; and 
 (11)  description of material tested. 
 
Item (4) is important since a rise in water level in the borehole may indicate leakage from 
the test section or an interconnected bedrock fracture pattern.  A sketch of the test 
equipment arrangement showing the relative portions of the components should be made 
for each configuration used.  (See Figure 5.4-3, page 3 of 3.)   
The formulas used to compute the permeability from pressure test data are:  
  
   K = (Q/2∏LH)  ln(L/r)  
        
 When  L > 10r (the above formula is used when the length is greater then ten times 
the radius) 
and, 
   K = (Q/2ΠLH)  sinh-1(L/2r)  
         
 
 When 10r > L > r(the above formula is used when the length is greater than the radius 
but less the ten times the radius) 
where,   
   K = permeability 
   Q = constant rate of flow into the hole 
   L = length of the test section 
   H = differential head on the test section 
   r = radius of the borehole 
 
It should be noted that when the test is conducted above the water table H is the distance 
from the water pressure gauge to the middle of the test section.  When the test is below 
the water table H is the distance from the gauge to the static water level.   
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While the above formula is most often used with a double packer arrangement, it also 
applies for use with a single packer.  With a single packer the length of the test section (L) 
is not fixed (as with the double packer arrangement) and is equal to the distance from the 
bottom of the packer to the bottom of the hole.   
 
These formulas provide only approximate values of K since they are based on several 
simplifyin0g assumptions and do not take into account the flow of water from the test 
section back to the borehole (U.S. Bureau of Reclamation, 1977). 
 
However, they give values of the correct order of magnitude and are suitable for practical 
purposes.  Table 5.4-1 (Haley and Aldrich, 1977) provides a general grouping of rock 
mass permeability.   
 
5.4-4  PROBLEMS AND POSSIBLE SOLUTIONS 
 
There are a number of possible problems that may develop while performing a bedrock 
packer test.  Several of the most common problems and their possible solutions are 
outlined below. 
 
 1. Packers move up out of the hole at the start of the test. 
 
 Occasionally, particularly in low permeability rocks, the packer assembly may lift out 
of the hole due to the water pressure.  Observers should stay clear of the top of the 
borehole to avoid injury.  It may be helpful to deflate and re-inflate the packers to 
obtain a more positive seal in the borehole.  Also, the rig drive head can be placed 
over the top of the swivel to help to hold the packers in place during the testing.   
 
 2. Excessive amounts of water are pumped into the formation. 
 
 In certain types of hydrogeologic or contaminant investigations, large quantities of 
water should not be pumped into the aquifer as this may impact local ground water 
quality and movement.  If this is a concern, packer tests should be avoided. 
Alternatively, falling or rising head tests may be performed or geophysical borehole 
data may be obtained.   
 
 3.  The packers jam in the borehole. 
 
 Packers may become caught in the borehole for two reasons: 1) caving of the 
formation around the packers, or 2) failure of the packers to deflate. In the latter 
case, it is generally advisable to re-inflate and deflate the packers a second time to 
try to remedy the problem.  Forcibly removing the packers from the hole should be 
avoided as they may become permanently lodged or damaged.  In some instances 
it may be helpful to pump water through the system to help lubricate the equipment 
for removal.  Packer tests in soft, broken or cavernous formations should always be 
attempted with great caution.   
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 4.  Water meter malfunctions. 
 
 Water meters are sensitive instruments and are subject to malfunctions due to 
clogging by debris or mechanical failure.  It is important to check the water meter 
prior to use to be certain that it is working properly. Generally, it is best to place the 
water meter in a horizontal position, particularly for low flow measurements.  It is 
also important to determine what the units of the meter dial are prior to use, as they 
are often poorly marked.  Discharging water from the meter into a container of 
known volume (e.g., 5-gallon bucket or a 55-gallon drum) and comparing this to the 
metered volume provides a reasonably accurate check. 
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                Description                                Range 
 
       Very low (equivalent to clay)         Less that 1 x 10-7 cm/sec 
 
        Low (equivalent to silt)              1 x 10-5 to 1 x 10-7 cm/sec 
 
        Medium (equivalent to fine sand)      1 x 10-4 to 1 x 10-5cm/sec 
 
        High (equivalent to sand)            1 x 10-2 to 1 x 10-4 cm/sec 
 
      Very high (equivalent to clean        More than 1 x 10-2 cm/sec 
  sand or gravel) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.4-1 
General Grouping of Rock Mass Permeability 
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5.5  SURVEYING AND DATUM PLANES 
 
5.5-1  PURPOSE 
 
The purpose of this section is to present the minimum requirements for establishing 
horizontal and vertical surveying control for exploration programs that will satisfy the 
requirements of the Commonwealth's new computerized Geological Information System 
(G.I.S.).  Accurately surveyed locations of explorations are a key element in the evaluation 
of all field data and are necessary for the preparation of geologic profiles and the 
interpretation of vertical and horizontal ground water flow directions.  The accuracy of 
measurements and established elevations is particularly important when ground water 
gradients are low, as errors may easily lead to misinterpretation of the direction of ground 
water flow.  The survey is usually performed after the explorations have been completed.  
Explorations and land features requiring accurate horizontal and vertical control are:   
 
o Borings 
o Test pits and trenches 
o Monitoring wells and piezometers 
o Geophysical surveys 
o Surface water and drainage features 
o Buildings and underground tanks 
 
5.5-2  METHODOLOGY 
 
The project manager shall go over the survey program with the survey chief to be sure that 
all requirements are understood and that the survey crew is alerted to potential site 
hazards.  The following criteria should be met for all survey programs.   
 
 1. The survey is to be performed by registered professional land surveyors or civil 
engineers.   
 
 2. The survey shall be accurately performed to a precision of 0.01 foot for vertical 
control and 1.0 foot for horizontal locations.   
 
 3. Horizontal control is to be tied into either the USGS grid or the UTM grid 
coordinate system.  Mean Sea Level (NGVD, 1929) should be used as the vertical 
datum.   
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 4. Elevation precision to be obtained at monitoring wells and piezometers shall be:  
 
o Top lip of protective casing without cover (0.01 foot); this point should only 
be used for vertical control and not for water-level measurements 
 
o Top of monitoring well riser pipe (0.01 foot); a permanent reference point 
should be marked on the top of the riser to be used as the measuring point 
for all water-level measurements 
 
 5. Mark clearly a permanent site benchmark at the site on the most stable nearby 
feature and note its location on survey maps.   
 
 6. The surveyor should submit, as part of the survey report, a copy of all original field 
notes, including a description of the measuring points at all monitoring wells to make 
certain that the elevation has been assigned to the correct point.   
 
 7. Survey information needs to be reviewed carefully with respect to horizontal and 
vertical determinations.  Survey errors may often be caught by using relative 
distances between wells or noting apparent anomalies in water levels or flow 
directions.  The survey should proceed in a manner that closes out the loop so that 
one can detect errors.  Check to see that all survey traverses have been closed on 
the original benchmark or reference point to within acceptable limits.   
 
5.5-3  PROBLEMS AND POSSIBLE SOLUTIONS 
 
5.5-3.1  Previous Use of a Datum Other Than Mean Sea Level 
 
Many times a parcel of land contains a previously established permanent benchmark on-
site to which all vertical elevations have been referenced.  Such an arbitrary local datum 
may not provide any specific information about its relationship to the USGS datum Mean 
Sea Level (MSL), the standard National Geodetic Vertical Datum (NGVD) of 1929.  An 
arbitrary datum, when used, should be designated by the letters L.D., for Local Datum; in 
the past, this designation often has been omitted.  In other cases, a standard city-wide 
local datum is used; this carries a known and published relationship to the USGS datum.   
 
Surveys at all sites subject to DEP review shall be referenced to Mean Sea Level.  Due to 
the requirements of the Department's computerized mapping program, the Department 
can only accept information that is expressed in terms of the USGS datum. Fortunately, 
Massachusetts is liberally endowed with reference elevation benchmarks.  Therefore, it 
should not be too difficult to convert a local datum to the USGS standard.  
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5.5-3.2  Weather Conditions 
 
Inclement conditions increase the chance for errors in identification, measurement, and 
recording.  Surveyors need to take extra time to assure proper identification of all 
monitoring wells surveyed, to guarantee ice-and snow-free surface elevation shots, and to 
carefully record survey data despite adverse conditions.  Obtaining stable tripod set-ups 
may be more difficult under these conditions.  Sightings should use shorter distances than 
under more favorable conditions.  Warm, sunny days generate heat waves that may 
present problems for optical instruments.   
 
5.5-3.3  Work at Hazardous Waste Sites 
 
Surveyors need to be made aware of hazardous site conditions and potential exposures.  
Surveyors should have been enrolled in a health monitoring program for any sites which 
require personal protection above Level D (see Section 2.3 Health and Safety).  Note that 
anticipated risks to surveyors would be expected to be less than for those engaged in 
collecting samples or in subsurface explorations.  However, potential surface contact with 
hazardous materials should be pointed out and appropriate protective equipment worn 
and used.  Surveyors shall also be made aware of other site activities and procedures for 
evacuation in case there is a release elsewhere on-site which triggers implementation of 
site evacuation or other contingency plans.   
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6.1  QUALITY ASSURANCE/QUALITY CONTROL (QA/QC) 
 
6.1-1  DEFINITIONS 
 
The following definitions are used in Sections 6.1-6.5, inclusive.   
 
Accuracy - the degree of agreement of a measurement with an accepted reference value.  
Accuracy is generally reported as percent recovery, and calculated as:   
 
                  Measured Value  x 100 
                  Accepted Value 
 
Analyte - the chemical or property for which a sample is analyzed.   
 
Comparability - the expression of information in units and terms consistent with reporting 
conventions; the collection of data by equivalent means; or the generation of data by the 
same analytical method.  Aqueous samples shall be reported as g/l solid samples shall 
be reported in units of mg/kg, dry weight.   
 
Completeness - the percentage of valid data obtained relative to that which would be 
expected to be obtained under normal conditions.  Data are judged valid if they meet the 
stated precision and accuracy goals.   
 
Duplicate - two separate samples taken from the same source by the same person at 
essentially the same time and under the same conditions that are placed into separate 
containers for independent analysis.   
 
Episode - a continuous period of time during which sampling activities are undertaken.  
Cessation of activities for more than 48 hours terminates the episode.   
 
Precision - a measure of the agreement among individual measurements of the same 
property under prescribed similar conditions.  Precision is generally reported as Relative 
Standard Deviation (RSD) or Relative Percent Difference (RPD).  Relative standard 
deviation is used when three or more measurements are available and is calculated as:  
 
               RSD = Standard Deviation x 100 
                           Arithmetic Mean 
 
Relative percent difference is used for duplicate measurements and is calculated as:   
 
               RPD =  Value 1 - Value 2    x 100 
                           Arithmetic Mean of 
                            Values 1 and 2 
 
Quality Assessment - the overall system of activities that provides assurance that quality 
control activities are done effectively. 
 
Quality Assurance (QA) - all the means taken inside and outside the laboratory to make 
certain that all laboratories use the same calibration and standardization procedures for 
reporting results; also, a program which integrates the quality planning, quality 
assessment, and quality improvement activities within an organization.  
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Quality Control (QC) - all the means taken by an analyst to ensure that the total 
measurement systems are calibrated correctly.  It is achieved by using EPA reference 
standards, duplicates, replicates, and sample spikes.  Also, the routine application of 
procedures designed to ensure that the data produced achieve known limits of precision 
and accuracy.   
 
Replicate - two aliquots taken from the same sample container and analyzed separately.  
Where replicates are impossible, as with volatile organics, duplicates must be taken.   
 
Rinse - fill container with approximately one-quarter of its total volume, cap and make 
certain that the rinsate makes contact with all interior surfaces.   
 
6.1-2  QA/QC PLAN 
 
Prior to the initiation of monitoring well sampling activities, a QA/QC Plan will be prepared. 
The purpose of this document is to provide to on-site personnel an immediate source of 
information relevant to the work to be undertaken, as well as to initiate the planning and 
logistics required for a successful sampling episode.   
 
The plan will include, as a minimum:   
 
o Site identity 
o Project organization and responsibilities 
o Laboratory/shipping information 
o Project and data quality objectives 
o Chain of custody and sample identification procedures 
o Parameters for analysis  
o Analytical program with identification of analytical methods  
o Field QC samples required 
o Sampling and preservation procedures 
o List of required equipment 
o Equipment decontamination sequence and location 
o Calibration of field measurement equipment 
o Data quality requirements and assessments 
o Signature Block 
  
A sample format, for such a checklist and form, is provided in Appendix A.   
 
6.1-3  FIELD QC SAMPLES 
 
A variety of QC samples are collected in the field and submitted for laboratory analysis. 
These samples are intended to assess the effectiveness of equipment decontamination, 
the precision of sampling efforts, the effects of ambient environmental conditions on 
sensitive analytes (e.g., volatile organics analysis or VOA), and the potential for contami-
nants attributable to reagents or decontamination fluids.  Identifying such potential sources 
of error is essential to the success of the sampling program and the validity of the 
environmental data.  Each QC sample is described below.  As a minimum, each set of ten 
or fewer field samples should include a trip blank, a duplicate and one sample collected in 
a sufficient volume to allow the laboratory to perform a matrix spike.   
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6.1-3.1  Trip Blanks 
 
Trip blanks are samples that originate from analyte-free water taken from the laboratory to 
the sampling site and returned to the laboratory with the volatile organic samples.  One trip 
blank should accompany each cooler containing volatile organics (VOAs); it should be 
stored at the laboratory with the samples, and analyzed with the sample set. Trip blanks 
are only analyzed for VOAs. 
 
6.1-3.2  Equipment Rinsates 
 
Equipment rinsates (sometimes referred to as "equipment blanks" or "sampler blanks") are 
the final analyte-free water rinse from equipment decontamination in the field and are 
collected at least once during a sampling episode.  If analytes pertinent to the project are 
found in the rinsate, the results from the blanks will be used to qualify the levels of 
analytes in the samples.  This qualification is made during data validation.  The rinsates 
are analyzed for the same analytes as the samples that have been collected with that 
equipment.  If dedicated sampling equipment is used, this protocol becomes redundant.   
 
6.1-3.3  Field Blanks 
 
Field blanks, also known as source water samples, are samples of the water used in 
decontamination and steam cleaning in the field.  At a minimum, one sample from each 
episode and each source of water will be collected.   
 
6.1-3.4  Field Replicates and Duplicates 
 
Field Replicates for water samples, except VOA samples, are collected, homogenized, 
and then split.  VOA samples are not mixed, but taken as grab samples.  The replicates for 
water samples should be collected sequentially.  Field replicates should be collected at a 
frequency of 10% per sample matrix (i.e. water or soil) or one replicate for every 10 
samples.   
 
To maximize data utility when sampling for analysis by USEPA's Contract Laboratory 
Program (CLP), which is generally used for litigative quality investigations, the same 
samples used for field replicates should be taken in sufficient volume to be split by the 
laboratory and be used as the laboratory replicate or matrix spike.  This means that for 
designated samples, there will need to be a volume sufficient for the normal sample  
analysis, the field duplicate analysis, and the laboratory matrix spike/ matrix spike 
duplicate analysis (i.e., up to three times the single sample volume).   
 
Field duplicates are a second aliquot of a sample taken in the field that is treated the same 
as the original sample in order to determine the precision of the method.  They shall be 
analyzed with every analytical batch or every 20 samples, whichever is greater. This 
procedure is applicable to all organic and inorganic chemical analytes. 
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6.1-4  SAMPLE CONTAINER REQUIREMENTS 
 
Sample integrity is assured by use of containers appropriate to both the medium/matrix to 
be sampled and the analytes of interest.  For example, samples intended for semi-volatile 
organic analyte (SVOA) analyses are collected in glass bottles with teflon-lined caps; 
samples for volatile organic analyte (VOA) analyses are collected in teflon-septum-capped 
glass vials with "zero" headspace to minimize diffusive and evaporative losses; and most 
samples for inorganic analyses are collected in linear polyethylene bottles.  Sample 
containers must be prepared in the laboratory in a manner consistent with USEPA 
protocols.  DEP-approved preparation methods are described below.  Bottles may also be 
purchased precleaned and QC-checked from commercial suppliers.  It is generally less 
expensive and more efficient to purchase the precleaned containers.  If precleaned 
containers are used, the lot number should be reported on the chain-of-custody.   
 
6.1-4.1  Preparation of Sample Containers 
 
Containers should be cleaned based on the analyte of interest.  Bottles used to collect 
hazardous wastes are generally only used once and then discarded. 
 
6.1-4.1.1  Preparation of Containers for Semi-volatile Organic Analyte 
 
Included in this section as semi-volatile organics are: base-neutral extractables, PCBs, 
pesticides and herbicides.  Requires 2-liter amber glass bottles for water samples and 8 
oz. clear glass jars for soil, sediment, and sludge samples.   
 
 1. Wash containers, closures, and teflon-lined caps in hot tap water with 
laboratory grade non-phosphate detergent (e.g. Alconox or equivalent).   
 
 2. Rinse three times with tap water.   
 
 3. Rinse three times with ASTM Type I deionized water. 
 
 4. Rinse with technical-grade acetone. 
 
 5. Rinse with pesticide grade hexane.   
 
 6. Air dry in a contaminant-free environment to get rid of any vapors. 
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   7.    Oven dry the glass containers only (1 hour at 105o C). 
 
 8. Remove glass containers from oven.   
 
 9. Loosely screw teflon-lined caps on containers.  Attendant to wear gloves to 
prevent recontamination; containers not to be removed from preparation room 
until sealed.   
 
6.1-4.1.2  Preparation of Containers for Metals and Cyanide Analytes   
 
For metals: requires 1-liter clear glass or polyethylene bottles for water samples and 16 
oz. clear glass or polyethylene jars for soil, sediment, and sludge samples.  For cyanides: 
requires 1-liter amber glass or polyethylene bottles for water samples and 16 oz. amber 
glass or polyethylene jars for soil, sediment or sludge samples. 
 
 1. Wash bottles and closures in hot tap water with laboratory grade non-
phosphate detergent (e.g. Alconox).   
 
 2. Rinse three times with tap water.   
 
 3. Rinse with 1:1 nitric acid.   
 
 4. Rinse three times with tap water.   
      
 5.    Rinse with 1:1 hydrochloric acid. 
 
 6.    Rinse three times with ASTM Type II deionized water. 
 
 7. Air dry in contaminant-free environment.   
 
 8. Place closures on bottles.  Attendant to wear gloves to prevent 
recontamination; bottles not to be removed from preparation room until 
sealed.   
 
6.1-4.1.3  Preparation of Containers for Volatile Organic Analytes 
 
Requires (2) 40-ml glass vials per water sample and 8-oz wide mouth glass jars with teflon 
liner for concentrated waste samples.   
 
 1. Wash vials, septa, teflon liners, and closures in hot tap water with laboratory 
grade non-phosphate detergent (e.g. Alconox).   
 2. Rinse three times with tap water.   
 
 3. Rinse three times with ASTM Type I deionized water.   
 
 4. Oven dry (in a muffle furnace) the glassware only (1 hour at 105o C). 
 
 5.   Rinse septa, teflon liners, and closures in methanol. 
 
 6. Air dry septa, teflon liners, and closures in a contaminant-free environment. 
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 7. Remove vials and jars from oven.   
 
 8. Place septa in closures, teflon side down to face the sample, and place on 
vials. Put teflon-lined caps on jars.  Attendant to wear gloves; vials and jars 
not to be removed from preparation room until sealed. 
 
6.1-5  PREPARATION OF PUMP TUBING 
 
Adequate lengths of 3/8-inch ID teflon tubing and/or 3/8-inch ID silicone tubing will be 
prepared by the sampling crew for each sampling episode which requires tubing.  Teflon 
tubing is preferred and can be reused.  If tubing shows wear, then discard.  A specific 
procedure for preparing teflon tubing for VOA analysis follows. 
 
The VOA Teflon tubing preparation procedure is as follows: 
 
 1. Pump non-phosphate detergent solution (e.g. Alconox) through system for 
two minutes. 
 
 2. Pump clean hot tap water through system for two minutes or until clear, 
whichever is longer. 
 
 3. Pump technical grade acetone through system for two minutes. 
 
 4.    Pump pesticide grade hexane through system for two minutes. 
 
 5. Pump ASTM Type II deionized water through system for five minutes. 
    
 6.Seal tubing ends, close with teflon caps (no wrapping with plastic wraps 
or "baggies"), and label with date of cleaning.   
 
A general (suitable also for silicone) tubing preparation procedure is as follows:   
 
 1. Pump non-phosphate detergent solution through system for two minutes.   
 
 2. Pump clean hot tap water through system for two minutes or until clear, 
whichever is longer.   
 
 3. Pump analyte-free water through system for two minutes.   
 
 4. Pump decontamination fluid specified in the site-specific Quality Assurance 
Plan through system for two minutes.   
 
 5. Pump analyte-free water through system for two minutes.   
 
 6. Seal tubing ends; wrap (no "saran wrap" or "baggies") 
  and label with date of cleaning.   
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6.1-6  FORMS AND RECORDS 
 
Documentation of the activities surrounding well purging sample collection, sample 
preservation, chain of custody, and equipment calibration is critical to subsequent data 
evaluation and utility.  Field data must be recorded in ink in a bound field notebook.  Data 
may be transferred to forms such as those shown in Section 6.2 for ease of calculation 
and filing.   
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APPENDIX A 
 
QUALITY ASSURANCE/QUALITY CONTROL CHECKLIST 
AND FORM FOR SAMPLING MONITORING WELLS 
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Quality Assurance/Quality Control Checklist 
And Form For Sampling Monitoring Wells 
 
 
A.  Project Identity, Organization and Responsibilities 
 
 1.   Project Identity 
                                    Project   
  Project Name:__________________ ID Number:_________________ 
                                              Date of 
  Address:_______________________Sampling:__________________ 
 
  ________________________________________________________ 
 
  ________________________________________________________                                     
  Map Coordinates:________________  UTM or Lat/Long 
                                      (circle one)  
  Site Description:__________________________________________ 
 
  _______________________________________________________ 
 
 2.  Personnel (contact name, firm and telephone number) 
 
  Project/site manager:______________________________________ 
 
  _______________________________________________________ 
   
  Health and Safety Officer:__________________________________ 
 
  _______________________________________________________ 
          
  Quality Assurance Officer:_________________________________ 
 
  _______________________________________________________ 
 
  Field Leader:______________________________________________ 
 
  _________________________________________________________ 
 
  Sampling Personnel:________________________________________ 
 
  _________________________________________________________ 
 
  Well Driller:______________________________________________ 
 
  _________________________________________________________ 
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  Consultant Firm:___________________________________________ 
 
  _________________________________________________________ 
 
  Laboratory Performing Analysis:____________________________ 
 
  _________________________________________________________ 
 
  Laboratory Shipping Address:_______________________________ 
 
  __________________________________________________________ 
 
  ___________________________________________________________ 
 
B.  Project and Data Quality Objectives 
 
 1. Project Description 
 
  Objective and Scope Statement:_____________________________ 
 
  ___________________________________________________________ 
 
  ___________________________________________________________ 
 
  ___________________________________________________________ 
 
  Monitoring Network Design and Rational:____________________ 
 
  ___________________________________________________________ 
 
  ___________________________________________________________ 
 
  ___________________________________________________________ 
 
  Health and Safety Plan to be used at Site:_________________ 
 
  Level A, B, C, or D:__________Level 
 
 2. Data Quality Objectives 
 
  Objective of Field Sampling/Data Usage:____________________ 
 
  ___________________________________________________________ 
 
  ___________________________________________________________ 
 
  ___________________________________________________________ 
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C.  Chain of Custody and Sample Identification Procedures 
 
 Chain of Custody Required:___________ (yes or no) 
 
 Sample Custody Procedures:______________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 Sample Identification Procedures:_______________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
D.  Parameters for Analysis 
 
 Monitoring Parameters      and      Their Frequency of Collection 
 
 _____________________               ____________________________ 
 
 _____________________               ____________________________ 
 
 _____________________               ____________________________ 
 
 _____________________               ____________________________ 
 
 _____________________               ____________________________ 
 
 _____________________               ____________________________ 
 
E.  Parameter Table 
 
                   Number of   Sample   Analytical    Sample          Holding 
     Parameter   Samples     Matrix    Method Ref    Preservation    Time    
 
     _________   _________   ______   __________   ____________   _______ 
 
     _________   _________   ______   __________   ____________   _______ 
 
     _________   _________   ______   __________   ____________   _______ 
 
     _________   _________   ______   __________   ____________   _______ 
 
     _________   _________   ______   __________   ____________   _______ 
 
     _________   _________   ______   __________   ____________   _______ 
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F.  Number of Samples, Blanks, Duplicates, and Matrix Spikes 
 
      Matrix:     Number of    Trip     Equip      Field   Field        MS/ 
     Parameter   Samples     Blanks1 Rinsates2  Blank3  Replicates4 MSD5 Total 
 
 _________  _________  ______  ________  ______  _________  ___  _____  
 
 _________  _________  ______  ________  ______  _________  ___  _____ 
 
 _________  _________  ______  ________  ______  _________  ___  _____ 
 
 _________  _________  ______  ________  ______  _________  ___  _____ 
 
 1 Trip Blanks:  One trip blank per cooler containing VOAs 
 2 Equipment Rinsates:  At least one per sampling episode 
 3 Field Blanks:  At least one per sampling episode and per source of water 
 4 Field Replicates:  One for every ten samples 
5 MS/MSD: Matrix spike and matrix spike duplicates samples are collected at a rate 
of one each per 20 samples 
 
G.  Sampling, Preservation, and Decontamination Procedures 
 
 1.  Sampling Procedures:________________________________________ 
 
     ____________________________________________________________ 
 
     ____________________________________________________________ 
 
     ____________________________________________________________ 
 
 2.  Preservation Procedures:____________________________________ 
 
     ____________________________________________________________ 
 
     ____________________________________________________________ 
 
     ____________________________________________________________ 
 
 3.  Decontamination Sequence/Procedures:________________________ 
 
     ____________________________________________________________ 
 
    __________________________________________________________ 
 
  ____________________________________________________________ 
 
     Decontamination Location(s):________________________________ 
 
     
 4.  Calibration Procedures and Preventive Maintenance:__________ 
                                                       Section 6.1 
                                                       Page 13 
                                                       January 1991 
 
     ____________________________________________________________ 
 
     ____________________________________________________________  
 
     ____________________________________________________________ 
 
     ____________________________________________________________ 
    
    5.  Equipment Needed for Sampling, Preservation, and Decontamination 
 
                               Dedicated     
  Item and Description     (Y/N)      Quantity   Remarks 
 
  (ex: bailer, 1 liter, 
   teflon)                 _________   ________  ___________________ 
  (bottles, 1 liter,  
   amber glass)           _________   ________  ___________________ 
 
  (DI water)               _________   ________  ___________________   
 
  (detergent solution)    _________   ________  ___________________ 
 
  (Acetone)               _________   ________  ___________________ 
 
  (filters)               _________   ________  ___________________ 
 
  (data record forms)     _________   ________  ___________________ 
 
  (plastic sheeting)     _________   ________  ___________________ 
 
  (gloves)                 _________   ________  ___________________ 
  (pH/temp/Conductivity   
   Meter)                  _________   ________  ___________________ 
(Calibration Kits/ 
   Standard Solutions)    _________   ________  ___________________ 
 
  ___________________  _________   ________  ___________________ 
 
  ___________________  _________   ________  ___________________ 
 
  ___________________  _________   ________  ___________________ 
 
  ___________________  _________   ________  ___________________ 
 
  ___________________  _________   ________  ___________________ 
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H.  Data Quality Requirements and Assessments 
 
              Sample   Detection   Quantitation    Estimated    Accuracy   Estimated    Precision    
Parameter    Matrix     Limit         Limit        Accuracy     Protocol    Precision    Protocol  
 
_________    ______   _________   ___________   _________    ________    _________    __________   
 
_________    ______   _________   ___________   _________    ________    _________    __________   
  
_________    ______   _________   ___________   _________    ________    _________    __________   
 
_________    ______   _________   ___________   _________    ________    _________    __________   
 
_________    ______   _________   ___________   _________    ________    _________    __________   
 
_________    ______   _________   ___________   _________    ________    _________    __________   
 
_________    ______   _________   ___________   _________    ________    _________    __________   
 
_________    ______   _________   ___________   _________    ________    _________    __________   
 
_________    ______   _________   ___________   _________    ________    _________    __________   
 
_________    ______   _________   ___________   _________    ________    _________    __________   
 
 
Data Representativeness:____________________________________________________________________ 
 
____________________________________________________________________________________________ 
 
____________________________________________________________________________________________ 
 
____________________________________________________________________________________________ 
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H. Data Quality Requirements and Assessments (cont.) 
 
 Data Comparability:__________________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 Data 
Documentation:__________________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 Data Reduction and Reporting:________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 Data Validation:_____________________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
 ________________________________________________________________ 
 
I.  Signature Block 
 
 Project Manager: 
 
 ________________________  ___________________________  ___________ 
              (print)                       (signature)                (date) 
 
 Quality Assurance Manager: 
 
     __________________________  ___________________________  ___________ 
              (print)                       (signature)                (date) 
 
 Field Leader: 
 
    __________________________  ___________________________  ____________ 
              (print)                       (signature)               (date)
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6.2  SAMPLING TECHNIQUES 
 
6.2-1  INITIAL SETUP/EQUIPMENT CALIBRATION 
 
Monitoring of ground water wells should proceed from the upgradient or background 
wells to the downgradient or contaminated wells as best as can be determined. 
 
The area immediately surrounding the well should be cleared of debris and the ground 
surface covered with plastic sheeting to minimize contact of instruments with surface 
soils.  The monitoring procedure is as follows:   
 
 1. Check the well for proper identification and location.   
 
 2. Measure and record the height of the protective casing above the ground.   
 3. After unlocking the well and removing any well caps, measure and record 
the ambient and well-mouth organic vapor levels using a Photoionization 
detector (PID).  If a check for methane gas is required, then the use of a 
Flame Ionization Detector (FID) is necessary.  If the ambient air quality at 
breathing level reaches an action level as described in the Health and 
Safety Plan, the sampler shall utilize the appropriate safety equipment.   
 
 4. Measure and record the distance between the top of the uncapped well 
and the top of the protective casing.   
 
 5. Measure from the top of the well casing to the static water level with 
accuracy to the nearest 0.01 foot. Then measure and record the depth to 
the bottom of the well.  Upon removing the water level measuring device, 
rinse it with the decontamination fluid specified for the sampling episode 
and then either potable or deionized (DI) water, as specified for the 
episode. 
 
 6. Calculate the volume of standing water in the well by first determining the 
area: 
 
   (1) Area = Xr2 
 
   where,  
 
       X =3.142, and 
                      r =radius, measured as the diameter of the well  
    divided by 2 
 
  Calculate the volume of water in the well using the formula: 
 
   (2) Volume = Area x h 
 
   where,  
  
    Area = surface calculated according to equation (1), 
    and, 
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      h = the distance between the water surface in the well and  
    the bottom of the well. 
         
Calibrate each piece of instrumentation prior to each day's use or as specified by its 
manufacturer.  If possible, gross calibration may best be accomplished prior to the 
instrument leaving the office and then rechecked and fine-tuned on each day of 
sampling in the field. Each instrument should be recalibrated in the field on an as-
needed basis.  The recalibration frequency will depend on the number of measurements 
made, the time between measurements, and the type of samples.  The operator's 
experience is also critical.  Recalibration may be necessary before each measurement 
until the operator is confident that a particular instrument is stable. 
 
Data are recorded, in ink in a field notebook and may be transferred to a form similar to 
that shown in Figure 6.2-1.  The procedures described below apply to the specific 
instrument noted.  If other instruments are used, similar procedures must be developed 
or the manufacturer's calibration procedures followed.   
 
6.2-1.1  Specific Conductance Temperature Meter (based on 
         Y.S.I. S-C-T Meter, Model No. 33)  
 
6.2-1.1.1  Temperature Probe   
 
 1. Using a National Bureau of Standards-approved thermometer, immerse 
both temperature probes into a beaker of water and note any differences 
for the field probe.   
 
 2. Recalibrate as necessary.   
 
 3. Document calibration in a field notebook.   
 
6.2-1.1.2  Specific Conductance Meter 
 
 1. Calibrate meter and probe using the calibration control and the red-line on 
the meter dial (Y.S.I. S-C-T Meter, Model No. 33).   
 
 2. Turn the function switch to read conductivity x10 and then depress the 
cell test button, noting the deflection.  If the needle falls more than 2 
percent of the reading, clean the probe and retest.   
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 3. Using at least two standard solutions, which will most likely bracket the 
expected values for conductivity, note accuracy of the water and probe 
and clean probe if necessary.  If stock standards are purchased or 
prepared by field personnel, they must be verified periodically against an 
EPA or NBS traceable standard.   
 
 4. Document calibration in a field notebook.  Field notes should include: 
instrument serial number, the batch number of the calibration solutions 
and who did the calibration.   
 
6.2.1.2  Calibration of Specific Ion Meter (pH/Eh Measurement) 
 
6.2-1.2.1  pH Probe 
 
 1. If using refillable probes, remove electrode cap and check that filling 
solution is above the filling mark.   
 
 2. Immerse the probe in the pH 7 buffer solution and adjust the calibration 
control to read the appropriate pH.  Check the pH buffer solution for 
correct pH value at the equilibrated temperature.   
  
 3. Remove the probe, rinse with distilled water and then immerse in either or 
both the pH 4 or pH 10 buffer solution, depending on the expected pH of 
the sample.  Document calibration in a field notebook.   
 
 4. If the meter does not register the correct pH for that buffer solution, 
carefully adjust the calibration knob (i.e., slope control or sometimes 
called efficiency control) of the instrument to obtain the pH of the buffer.   
5. After rinsing, insert the pH probe into the flow cell and allow the probe to 
come to equilibrium with the sample water.   
 
 6. Storage of the pH electrode should be in accordance with the 
manufacturer's instructions.  These procedures vary from ambient air to 
specific storage solutions.   
 
6.2-1.2.2  Eh/Platinum Probe 
 
 1. Check that the Eh or platinum probe is clean and the platinum band or tip 
is unoxidized.  If dirty, polish with emery paper.   
 
 2. Immerse the probe and the reference probe, if required, into the calibra-
tion solution.  Record the mV reading and the temperature and compare 
with the expected value (±10-20 mV).   
  
3. Rinse the probe with distilled water and insert into the flow cell.  Allow for 
temperature equilibration and record the sample Eh.   
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 4. At the end of the day, the platinum probe should be stored in water.   
 
6.2-1.3  Calibration of Photoionization Meters 
 
6.2-1.3.1  HNU 
 
On a daily basis, calibrate this instrument (manufactured by HNU Systems of Newton, 
Massachusetts) according to the following general instructions.  See manufacturer's 
manual for more specific instructions.  Note that the probe must be attached to the 
instrument in order to operate. 
 
 1. Turn the function switch to the "battery check" position.  The needle on 
the meter should read within or above the green battery area on the scale 
plate.  If the needle is in the lower position of the battery arc, the 
instrument should be recharged prior to any calibration.  If red LED 
comes "on", the battery should be recharged.   
 
 2. Turn the function switch to the "on" position.  In this position the UV light 
source should be on.   
 
 3. To zero the instrument, turn the function switch to the "standby" position 
and rotate the zero potentiometer until the meter reads zero.  Clockwise 
rotation of the zero potentiometer produces an upscale deflection while 
counterclock-wise rotation yields a downscale deflection.  If the span 
adjustment setting is changed after zero is set, the zero should be 
rechecked and adjusted if necessary.  Wait 15-20 seconds to ensure that 
the zero reading is stable.  If necessary, readjust the zero.   
  
  The instrument is now ready for calibration by switching the function 
switch to the proper range. 
 
 4. Using non-toxic gas mixtures of known concentration available from the 
manufacturer in pressurized containers, connect the cylinder with the 
analyzed gas mixture to the end of the probe with a piece of tubing.  
Open the valve of the pressurized container until a slight flow is indicated 
and the instrument draws in the volume of sample required for detection.  
Now adjust the span potentiometer so that the instrument is reading the 
stated value of the calibration gas.   
 
 5 .If the instrument span setting is changed, the instrument should be 
turned back to the "standby" position and the electronic zero should be 
readjusted, if necessary.  If the instrument does not calibrate, it may be 
necessary to clean the probe or the lamp connection.  Record calibration 
information in a field notebook.  Along with the instrument serial number, 
calibrating gas batch number, and the calibrator's name. 
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6.2-1.3.2  Photovac T.I.P. 
 
On a daily basis, calibrate this instrument (manufactured by Photovac International of 
Huntington, New York) according to the following general instructions.  See 
manufacturer's manual for more specific instructions. 
 
 1. Turn power switch on by first pulling the knob out and then up.  Allow 
T.I.P. to warm up for five minutes prior to use.  Turn span knob to max (9) 
and turn the zero knob to zero. 
 
 2. Attach "zero air" cylinder to T.I.P. inlet using PVC tubing.  Zero instrument 
using zero knob only.  (T.I.P. is very sensitive, so a stable reading of 
absolute zero is difficult and not necessary to achieve.) 
 
 3. Attach isobutylene cylinder to T.I.P. inlet.  Use the span knob to adjust 
T.I.P. reading to the concentration number on the isobutylene cylinder 
(usually 60 ppm).  Remove cylinder.  T.I.P. is now calibrated and ready 
for use. Check randomly the calibration as T.I.P. has tendency to drift. 
 
 5. When finished, turn power off by pulling switch out and down.  Recharge 
instrument overnight.  Note that the Battery charger must be pushed into 
place and then screwed into bottom of T.I.P.   
 
6.2-1.4  Calibration of Flame Ionization Detectors 
 
6.2-1.4.1  OVA. 
 
This instrument, manufactured by the Foxboro Co. of Foxborough, Massachusetts, is 
used for the rapid analysis of volatile organics in soil, water or air.  Results obtained from 
soil/sediment samples are considered semi-quantitative. 
 
 1. Connect the appropriate probe to the Probe/Readout Assembly.  Turn the 
pump switch on and leak check the flow system by plugging the end of 
the probe momentarily; the sample flow rate indicator should drop to zero.  
Turn the pump switch off.  Turn INSTR switch on and allow 5 minutes for 
warmup.  Turn the pump switch on and verify that the battery is charged. 
 
 2. Open the H2 tank valve and supply valve.  Depress the igniter button.  If 
the unit is in proper working order, the flame ionization detector will ignite 
in 1 to 6 seconds.  Do not depress the igniter for more than 6 seconds.  If 
the instrument does not light, allow it to run for several minutes and 
repeat the ignition procedure. 
 
 3. Check the calibration using a calibration check gas before and after use.  
Most units are factory calibrated to methane.   
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6.2-2  WELL PURGING 
 
The following statement, taken from Handbook for Sampling and Sample Preservation of 
Water and Wastewater (EPA, 1982) summarizes the importance of well purging in order 
to obtain representative groundwater samples.   
 
 "The importance of proper sampling of wells cannot be over emphasized.  
Even though the well being sampled may be correctly located and con-
structed, special precautions must be taken to ensure that the sample 
taken from that well is representative of the groundwater at that location 
and that the sample is neither altered nor contaminated by the sampling 
and handling procedure."   
 
To obtain a representative sample of the groundwater it must be understood that the 
composition of the water within the well casing and in close proximity to the well is 
probably not representative of the overall groundwater quality at that sampling site.  This 
is due to the potential presence of drilling contaminants near the well and because 
environmental conditions, such as the oxidation-reduction potential near the well, may 
differ from the conditions in the surrounding water-bearing materials.  For these reasons 
it is frequently suggested that a well be pumped or bailed until it is thoroughly flushed of 
standing water and contains fresh water from the aquifer.  The recommended length of 
time required to pump or bail a well before sampling is dependent on many factors 
including the characteristics of the well, the hydrogeologic nature of the aquifer, the type 
of sampling equipment being used, and the parameters being sampled.  The time 
required may range from the time needed to pump or bail one bore volume to the time 
needed to pump several bore volumes.  A common procedure is to pump or bail the well 
until a minimum of three to five bore volumes have been removed or the well has been 
bailed to dryness whichever comes first.   
 
In order to calculate the one bore volume in the well the following formula should be 
used:   
 
   Volume = π r2h 
 
   where, 
    π =3.142,  
    r =radius, measured as the inside diameter of the well  
    divided by 2 
    h =the distance between the water surface in the well and  
    the bottom of the well. 
 
Following the measurements and calculations described above, sampling will commence 
in the sequence below, utilizing the appropriate purging technique [1(a) through 1(d)]:   
 
 1. Lower the pump intake into the well.  For shallow groundwater situations, 
the intake of the suction tubing or the submersible pump will be lowered 
to the top of the well screen and the well purged of the required volumes. 
Available alternatives to this procedure may be utilized in certain 
situations:   
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  (a)   If the well screen is 20 feet or longer (i.e., making pumping from 
the top impractical), the intake line should be lowered to the approximate 
mid-point of the screened portion of the well or in highly permeable 
formations.  The intake portion can be moved up and down the entire 
water column.   
 
  (b)  If the well is situated in tight formations such as tills, clays or rock, 
purging of the well should be performed near the top of the well screen.  
Pumping or purging at this level until one to three volumes have been 
purged will facilitate removal of standing well water without creating a 
large artificial gradient toward the well.   
 
  (c)   Under certain circumstances, the pump intake may be placed just 
below the water surface and purging initiated.  As the water surface 
lowers, the pump intake is lowered to remain below the water surface.   
 
  (d)   When using a submersible pump in conjunction with an inflatable 
packer system, the packer should be placed just above the top of the well 
screen and inflated according to the packer manufacturer's instructions.  
The volume of stagnant water to be purged should be calculated based 
on the depth below the packer.  The packer is not deflated until sampling 
is complete.   
 
 2. Connect the instrumentation header to the pump discharge and begin 
flushing the well.  Monitor the in-situ parameters (pH, Eh, temperature, and 
specific conductivity) and measure the volume of groundwater being 
pumped.  Alternatively, in-situ parameters may be monitored in a beaker 
filled from the pump discharge.  Purging of the standing well water is 
considered complete when one of the following is achieved: 
 
o a minimum of three well volumes has been purged, and in-situ  
 parameters have stabilized; or 
 
o five well volumes have been purged; or 
 
o the well has been pumped dry.   
 
 3. Record the in-situ parameters and the purging methodology utilized.  All 
future sampling of this well must be preceded by the same purging 
method.   
 
6.2-3  SELECTION OF SAMPLING EQUIPMENT 
 
The sampling device to be utilized must be selected based upon both the physical 
characteristics of the well and the analytes to be determined.  Aspects to be considered 
include:   
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o analytes of concern 
 -  volatile organics 
 -  semivolatile organics 
-  metals 
 
o depth to well screen relative to static water level 
 
o floating versus dissolved versus suspended contaminants versus non-
aqueous liquids that are heavier than water 
 
o well diameter 
 
o safety 
 
Typical sampling devices include and are further described below in Sections 6.2-3.1 
through 6.2-3.4. 
 
o bailers 
o submersible pumps 
o peristaltic pumps 
o bladder pumps 
 
Other pumps may be utilized for well purging but are not recommended for sample 
collection.   
 
The following devices are generally not acceptable for collecting samples for analysis:   
 
o gas-driven piston pump 
o suction lift pumps 
o submersible diaphragm pump 
o gas-lift sampler 
o impeller pump 
 
6.2-3.1  Bailers 
 
Bailers (available in Teflon, PVC and stainless steel) are the only sampling devices 
currently recognized for sampling of volatile organics.  However, their use is labor-
intensive and may be discontinued after collecting samples for volatile organic analysis. 
Bailers may also enhance positive bias when multiple phases exist in a well.  This 
condition should be evaluated prior to sampling.   
 
A modified Kemmerer sampler, Figure 6.2-2, is often used for sampling surface water as 
well as ground water. Figure 6.2-3 shows a standard bailer with bottom check valve. 
 
o Advantages of Bailers: 
 
 - Can be constructed from a wide variety of materials 
 - Economical and convenient enough so that a separate bailer may 
be dedicated to each well; some bailers are disposable  
 - No external power source required 
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 - Reduces outgassing of volatile organics 
 
o Disadvantages of Bailers: 
 
- Impractical for purging large volumes of stagnant water from a 
well 
 
- Transfer of water sample from bailer to sample bottle can result in 
aeration 
 
 -Cross-contamination may occur if equipment is not adequately cleaned after each
 
6.2-3.2  Submersible Pumps 
 
Submersible pumps are generally acceptable for all sampling activities except VOA 
sample collection.  The reason for this is that submersible pumps may introduce air into 
the sample causing the volitilization and loss of the constituents being tested for.  They 
are most often used for well purging and, therefore, may be utilized for sampling 
immediately after purging.   
 
Other than bailing for VOA, submersible pumps are considered one of the most efficient 
means of sampling moderately deep (50-150') wells.  They are difficult to transport, but 
accomplish sampling more quickly than bailers or peristaltic pumps and have variable 
flow rates (high for purging; low for sampling).  Submersible pumps are not 
recommended for highly turbid waters due to rotor-binding problems.   
 
o Advantages: 
 
- Can be used to sample or purge several monitoring wells in a brief 
period of time   
-  Dependent upon size of pump and pumping depths, relatively 
large pumping rates are possible  
- Can be dedicated to a single well if desired 
 
o Disadvantages: 
 
- Submersible pumps currently available require a minimum well 
casing inside diameter of two inches 
-  Require relatively large amount of support equipment service 
-  Not suitable for sampling organics 
-  Must be decontaminated if used for more than one well 
 
 
6.2-3.3  Peristaltic Pumps 
 
Peristaltic pumps may be used for sampling of all analytes except VOA sample analysis. 
Their use is limited to vertical lifts of about 20 feet.  These pumps never contact the 
sample, so decontamination is not an issue as new tubing is utilized instead.  This 
aspect is especially appealing for shallow, highly contaminated ground water sampling.  
Transportation is relatively easy and flow may be regulated.  Turbid waters will not affect 
pump operation.   
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6.2-3.4  Bladder Pumps 
 
Bladder pumps for environmental sampling are available with silicone or teflon bladders. 
These pumps require a source of compressed air and, therefore, are more difficult to 
transport than other pumps.  However, they provide lift for sampling up to 400' deep.  
Flow may be varied for purging or sampling by changing the cycle rate.  They provide 
marginally better results than submersible pumps in highly turbid waters.  Due to the 
large internal area, bladder pumps are considered more difficult to decontaminate than 
other pumps.   
 
6.2-4  GROUNDWATER SAMPLING 
 
Water sample containers are generally filled directly from the source, the sampler or the 
pump discharge without special considerations.  A major exception is the collection of 
Volatile Organic Analyte (VOA) samples.  
 
6.2-4.1  Procedures Applicable Only to Collection of Ground 
Water Samples for Volatile Organic Analysis 
 
VOA samples must be collected as specified below.  Each sample is taken in duplicate.   
 1. Uncap the sample bottle (Figure 6.2-4), taking care not to touch the 
teflon-faced septum (shiny side).  If the septum is contaminated in any 
way, it should be replaced.   
 
 2. If a chlorine residual is potentially present, check for chlorine content with 
Potassium Iodine (KI) paper, a chlorine residual comparator, or a DPD kit.  
Note that KI paper will not detect low levels of residual chlorine and 
comparators are subject to interferences from turbidity and sample color.  
Thus EPA recommends using DPD kits (DPD colorimetric method). 
 
  If a residual chlorine content is detected, add four drops of concentrated 
Hydrochloric Acid to the sample container prior to filling the bottle.   
 
 3. Fill the sample vial slowly from bailer or equivalent discharge point, 
minimizing air entrainment, until the vial overflows. 
 
 4. Place the teflon-faced silicone rubber septum on the convex meniscus, 
teflon side (shiny side) down, and screw cap on (see Figure 6.2-4). 
 
 5. Invert the bottle; tap lightly to check for air bubbles. 
 
 6 .If air bubbles are present, open the bottle, and add additional sample to 
eliminate air bubbles, then reseal and repeat STEP 5. 
 
6.2-4.2  Procedures Applicable Only to Collection of Ground 
          Water Samples for Metals Determination 
 
Generally if the well is pumped ahead of time the sample should not have to be filtered.  
In some cases (e.g. water is very silty), field filtration of samples may be required.  This 
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should be determined in advance and communicated to the laboratory.  This is an 
important distinction since data obtained from the analysis of filtered samples are termed 
"dissolved" constituents while those from non-filtered samples are termed "total".   
 
Filtering of any sample collected for organic analysis should be avoided.  Allowing the 
samples to settle prior to analysis followed by decanting of the liquid is the preferred 
technique to avoid loss of organic constituents.   
 
When field filtering is required, an appropriate filter medium must be selected to avoid 
potential sample contamination during the filtering process.  If the water is thought to be 
contaminated by organic solvents, use of filter media such as cellulose or polycarbonate 
must be avoided; glass fiber or teflon filters should be used.  Glass fiber filters should be 
rinsed in acid followed by a deionized water rinse prior to use for filtering trace metal or 
nutrient samples.  Filtration procedures are described in Table 6.3-1.  In all cases, the 
laboratory should be advised if samples have been filtered in the field.  A general outline 
of the sampling procedure is as follows, refer to Section 6.3 for additional information.   
 
 1. Fill the sample container from sampling device or equivalent discharge 
point. 
 
 2. Add sufficient 1:1 Nitric Acid to the sample to bring the pH down to 2.0 for 
sample preservation. 
 
6.2-4.3  Procedures for Collection of Ground Water Samples 
 
General procedures for collecting groundwater samples are described below.  See 
Section 6.3 for more specific instructions. 
 
 1. After purging, lower the sampling device to the middle of the screened 
interval or mid-point of the static water level.  If the analysis to be 
performed is for lighter-than-water chemical species, then the sampling 
device should be lowered to the top of the water column for sample 
collection.   
 
 2. Collect the sample(s).  Volatile and semivolatile samples are filled directly 
from a bailer with as little agitation as possible.   
  
  Other samples should be placed directly into the appropriate container 
from the bailer or pump discharge.   
 
 3. Remove the pump or bailer from the well and, if necessary, 
decontaminate the pump, tubing or bailer by flushing with 
decontamination fluid specified in the site-specific quality assurance 
specifications.  Preferably, field decontamination should be avoided.  
Otherwise, extreme caution must be exercised to avoid introducing 
contamination.  Up to one pint of solvent is used as needed.  Rinse the 
bailer with one gallon of potable or deionized water.  Rinse again with 
deionized water.  
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4. Do not use deionized water stored in plastic (polyethylene) containers for 
field use as the deionized water will leach phthalates from polyethylene 
storage containers and may actually introduce contamination if used for 
on-site equipment clean up. Nalgene, glass, or Teflon bottles should be 
used.   
 
 5. Complete sample Data Record (see Figure 6.2-5) after each well is 
sampled.   
 
 6. Secure the well cap and lock. 
 
 7. Place samples in a cool place (4o C) immediately for transport to 
laboratory.   
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6.3  SAMPLE HANDLING 
 
6.3-1  FILTRATION 
 
In some cases, field filtration of samples may be required.  This should be determined in 
advance and communicated to the laboratory.  This is an important distinction since data 
obtained from the analysis of filtered samples are termed "dissolved" constituents while 
those from non-filtered samples are termed "total".  In the case of metals, another option is 
the collection of an unfiltered sample followed by a milder digestion than that used in the 
total metals determination; results from this analysis are termed "total recoverable metals".   
 
Filtering of any sample collected for organic analysis should be avoided.  Allowing the 
samples to settle prior to analysis followed by decanting of the liquid is the preferred 
technique to avoid loss of organic constituents.   
 
When field filtering is required, an appropriate filter medium must be selected to avoid 
potential sample contamination during the filtering process.  If the water is thought to be 
contaminated by organic solvents, use of filter media such as cellulose or polycarbonate 
must be avoided; glass fiber or teflon filters should be used.  Glass fiber filters should be 
rinsed in acid followed by a deionized water rinse prior to use for filtering trace metal or 
nutrient samples.  Filtration procedures are described in Table 6.3-1.   
 
A typical sample splitting flow chart is shown in Figure 6.3-1.   
 
6.3-2  HOLDING TIMES AND PRESERVATION 
 
Sample holding times are specified for the initiation of chemical analyses, usually 
beginning at the time of sample collection but occasionally (e.g., EPA's Contract 
Laboratory Program) beginning at the time of sample receipt at the laboratory.  This 
determination must be made prior to sampling to allow proper logistical planning for 
sample shipments.  Holding times also vary with the regulatory basis under which 
analyses are conducted.  It is essential that the laboratory be consulted before sampling 
takes place in order to properly schedule the work.  This will ensure that the laboratory will 
have a staff member available to receive the samples and that the laboratory can analyze 
the sample within the appropriate holding time.   
 
Unless the proper sample bottle preparation and sample preservation measures are taken 
in the field, sample composition can be altered by contamination, degradation, biological 
transformation, chemical interactions, and other factors during the time between sample 
collection and analysis.  Steps taken to maintain the in-situ characteristics required for 
analysis may include refrigeration of samples at 4°C, freezing, pH adjustment, and 
chemical fixation.  Samples are preserved according to the protocol established for the 
specific analytical method and for specific regulatory requirements selected to obtain the 
desired data. These requirements are established on a case-by-case basis.  
         Section 6.3  
Page 2 
January 1991 
 
 
 
Holding times and preservation requirements for several analytes under different 
regulatory bases are presented in Tables 6.3-2, 6.3-3, 6.3-4 and 6.3-5.   
 
6.3-3  SHIPPING 
 
Sample containers are generally packed in picnic coolers for shipment.  Bottles are to be 
packed tightly so that no motion is possible.  Styrofoam, vermiculite, and "bubble pack" are 
suitable for most instances.  Some materials that are considered to be highly hazardous 
require special preparation, containerization and labeling.  Department of Transportation 
(DOT) guidelines and regulations should be consulted prior to shipment of any materials 
considered to be hazardous.  Ice is placed in double "Ziploc" bags and added to the cooler 
along with all paperwork in a separate "Ziploc" bag.  Sealed containers of heat transfer 
fluids (e.g., "Blue Ice") may also be used.  Solid carbon dioxide (dry ice) is not an 
acceptable alternative.  The cooler top is then taped shut.  Custody seals and taping of 
coolers are generally required.   
 
The standard procedure followed for shipping environmental samples to the analytical 
laboratory is, as follows: 
 
 1. All shipping of environmental samples collected must be done through 
overnight delivery service.   
  
  Note: Samples must not be shipped unless:  
 
  (a) next-day arrival is quarantined by the delivery  service, and  
 
  (b) the receiving laboratory has agreed to be open to receive them.  
 
 2. Prior to leaving for the field, the task leader responsible for sample 
collection must notify the laboratory manager of the number, type and 
approximate collection and shipment dates for the samples.  If the number, 
type or date of shipment changes due to site constraints or program 
changes, the task leader must notify the laboratory of the changes.  This 
notification from the field also needs to occur when sample shipments will 
arrive on Saturdays.   
 
 3. If prompt shipping and laboratory receipt of the samples cannot be 
guaranteed (i.e., Sunday arrival), the task leader will be responsible for 
proper storage of the samples until adequate transportation arrangements 
can be made.  Proper storage requires that the samples be refrigerated, 
and in some cases, locked in a secure location.  Storing samples in one's 
car or leaving them in the office are not acceptable procedures.   
 
 4. The laboratory should be notified if advance if parameters such as BOD or 
holding times <48 hrs are included in the shipment.   
 
These communications are necessary to allow the laboratory enough time to prepare for 
the samples' arrival.   
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The samples are shipped to the laboratory together with the Chain of Custody (COC) 
documents described in Section 6.4 and an applicable Analytical Request Form (see 
example Figure 6.3-2).   
 
6.3-4  TRACKING 
 
Figure 6.3-3 is an example of a sample tracking form.  Tracking of samples should 
commence at the time of sample container label generation.  A site-specific database of 
anticipated sample collection should be created, then updated as analytical request forms 
and chain-of-custody forms are received from the field.  This database can be hand-
scribed, but tracking of data is better done in a computerized format, that is able to sort 
through and organize the data according to different parameters. 
 
A letter of receipt from the laboratory provides the information to verify the following:   
 
o analytical program 
o turn-around time 
o laboratory internal identification numbers 
o chain-of-custody for shipped samples  
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 6.4  CHAIN-OF-CUSTODY 
 
6.4-1  PURPOSE 
 
A chain-of-custody (COC) program must be followed during sample handling activities 
from the field through laboratory operations.  This program is designed to assure that each 
sample is accounted for at all times.  Field data sheets, COC records, and sample labels 
must also be completed by the appropriate sampling and laboratory personnel for each 
sample.   
 
The objective of the sample custody identification and control system is to assure, to the 
extent practicable, that: 
 
o all samples are uniquely identified;  
 
o the correct samples are analyzed for the correct parameters and are traceable 
through their records;  
 
o important sample characteristics are preserved;  
 
o samples are protected from loss or damage;  
 
o any processing of samples (e.g., filtration, preservation) is documented;  
 
o a defensible forensic record of sample integrity is established; and 
 
o client confidentiality is maintained. 
 
o a sample is considered under a chain-of-custody if it meets all of the following 
criteria: 
 
 (1) the sample is in your custody, 
 
 (2) the sample is in your view, after being in your possession, 
 
 (3) the sample is in your possession and then you locked it up to prevent 
tampering, and 
 
 (4)  the sample is in a designated, secured area (locked area with limited 
access). 
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6.4-2  IMPLEMENTATION 
 
The chain-of-custody procedure begins in the field and establishes a "paper trail" so that 
sample possession can be traced.   
 
The standard COC protocol used by DEP is as follows:   
 
o Pre-prepare labels for each sample that includes identification, date and time of 
collection, sample parameters to be analyzed, any preservatives added, and the 
name of sample collector.   
 
o Record the procedures and amounts of reagents or supplies necessary for each 
sample including sample preparation and preservation.   
 
o Record date and time of sampling, sampling locations, sample bottle identification, 
and specific sample acquisition measures on the chain-of-custody forms.   
 
o Complete standard field data record forms to establish sample custody in the field 
before sample shipment (see Section 6.3).   
 
The COC description section requires:   
 
o a unique identification of each sample;  
 
o the name(s), address(es), and telephone number(s) of the sampler(s) and the 
person shipping the samples and all subsequent transfers of custody; 
 
o the type and method of analysis requested (sometimes this can be put on the field 
data sheet that accompanies the chain-of-custody form);  
 
o the date and time that the samples were taken and delivered for shipping; and  
 
o the names of those responsible for receiving the samples at the laboratory.  
  
The COC record is used to:   
 
o document the identity of a sample and its handling from its first existence as a 
sample until analysis and data reduction are completed;  
 
o Custody records trace a sample from collection through all transfers of custody 
until it is transferred to the analytical laboratory.  Internal laboratory records 
document the custody of the sample through its final disposition.   
 
A typical COC record is shown in Figure 6.4-1.  At least four copies of the COC must be 
available, 4-part NCR forms are preferred.  The original and one copy must accompany 
the samples to the laboratory; one copy is retained by the sampling crew chief; the last 
copy is placed in the project file.  The signed original is retained by the laboratory.  Return 
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copies of original signed by receiving laboratory to sampling crew chief and to the project 
file.  
 
Where litigation is likely, custody seals must be used on sample shipments to avoid any 
question of tampering. In any event, routine use of custody seals is good practice.   
 
                                                   Section 6.4 
                                                        Page 4 
                                                        January 1991            
 
 
 
 
LIST OF FIGURES 
 
Section    Title                                       Page No. 
 
6.4-1 Chain-of-Custody Record ............................................................................  .4 
 
6.4-2      Example of a Properly Filled Out Chain-of-Custody Form .......................... .5  
                                                   Section 6.4 
                                                        Page 5 
                                                        January 1991            
 
 
 
                                                   Section 6.4 
                                                        Page 6 
                                                        January 1991            
 
 
 
 
 
 
 
 
 
 
 
 
 
                          
 
 
 
 
 
 
 
 
 
COMMONWEALTH OF MASSACHUSETTS 
 
DEPARTMENT OF ENVIRONMENTAL PROTECTION 
 
 
 
 
 
STANDARD REFERENCES FOR MONITORING WELLS 
 
SECTION 6.5   DECONTAMINATION OF SAMPLING EQUIPMENT 
 
                          
 
 
Section 6.5 
Page i 
   January 1991 
 
 
 
 
SECTION 6.5 
DECONTAMINATION OF SAMPLING EQUIPMENT 
 
 
 
TABLE OF CONTENTS 
 
Section      Title                                   Page No. 
 
6.5-1 PURPOSE ..................................................................................................... 1 
 
6.5-2 PROCEDURE................................................................................................ 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Section 6.5 
Page 1 
November 1993 
 
 6.5  DECONTAMINATION OF SAMPLING EQUIPMENT 
 
6.5.1  PURPOSE 
 
Ideally, sampling equipment, (e.g., bailers, pumps, tubing, filter holders) will be dedicated 
to each sampling location and precleaned in the laboratory prior to each sampling episode, 
thus eliminating the need for field decontamination of sampling equipment.  The use of 
disposable sampling equipment is more expensive but totally contaminant free.  When this 
is not possible, field decontamination of such equipment must occur prior to collection of 
each set of samples.   
 
Decontamination of reusable equipment used to collect samples is essential in order to 
maintain chemical data integrity between sampling locations.  In general, decontamination 
should allow for adequate cleaning of the drilling and sampling tools for the contaminants 
found at any given site.  Different chemicals or mixtures of chemicals will require the use 
of different cleaning methods or compounds.   
 
6.5-2  PROCEDURE 
 
The method of choice for decontamination should be that which most fully removes site 
contaminants from the sampling equipment with least interference to the ultimate chemical 
analysis.  Site and weather conditions frequently impose constraints upon the preferred 
method.   
 
The general decontamination methods and compounds that can be used are as follows:   
 
o Do not use distilled water stored in plastic bottles as the plastic contains too 
many contaminants.  Bring deionized water in either nalgene bottles or 
teflon bottles from the laboratory. 
 
o Equipment to be utilized in the collection of samples for metals analysis 
should be cleaned by the following steps: 
 
  1. Wash equipment with a non-phosphate detergent-solution (e.g. 
Alconox) and a brush. 
 
  2. Rinse thoroughly with tap water.  
 
   3. Rinse with 1:1 nitric acid.  
 
  4. Rinse the equipment thoroughly with deionized water (either ASTM type 
I or II). 
 
  5. For water samples, rinse the equipment two to three times with the 
media being sampled before collecting a sample. 
 
  6. Repeat this procedure at each location.   
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o Equipment to be used for collection of samples for TPH, oil identification, 
and oil and grease analyses should be cleaned by the following steps: 
 
  1. Wash equipment with a non-phosphate detergent-solution (e.g. Alconox) 
and a brush. 
 
  2. Rinse with tap water. 
 
  3. Rinse with reagent grade methanol. 
 
  4. Rinse thoroughly with deionized water.  
 
  5. For surface water or ground water, rinse the equipment two  to three 
times with the media being sampled prior to collecting a sample. 
 
  6. Repeat this at each location.   
 
o Equipment to be used for collection of semi-volatile organics (which include 
base-neutral extractables, PCBs, herbicides and pesticides) should be 
cleaned by the following steps:   
 
  1. Wash equipment with a non-phosphate detergent-solution (e.g. Alconox) 
and a brush. 
 
  2. Rinse with tap water. 
 
  3. Rinse with technical grade acetone. 
 
  4. Rinse with pesticide grade hexane. 
 
  5. Rinse thoroughly with deionized water. 
  
  6. For water samples, rinse the equipment two to three times with the 
media being sampled before collecting the sample. 
 
  7. Repeat this procedure at each sampling location. 
  
o Equipment used for collection of samples for volatile organics analysis 
should be cleaned by the following steps: 
 
  1. Wash equipment with a non-phosphate detergent solution (e.g. Alconox) 
and a brush.  
 
  2. Rinse with tap water. 
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  3. Rinse with reagent grade methanol. 
 
  4. Rinse thoroughly with deionized water. 
 
  5. For water samples, rinse the equipment two to three times with the 
media being sampled before collecting a sample. 
 
  6. Repeat this procedure at each location. 
 
o Steam cleaning is another acceptable technique for field decontamination.   
 
The source of rinse water is often from nearby public sources.  This should be noted and a 
sample collected as described in Section 6.1-3.3.   
 
More than one method or compound may be used in series for a particular site.  In 
extreme cases, disposable equipment is recommended over decontamination.  This is 
because the level of effort and costs required to adequately clean the equipment and 
dispose of the cleaning solutions may not be warranted. 
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7.1  GROUNDWATER MODELING OVERVIEW 
  
7.1-1 Introduction 
 
Groundwater flow/solute transport models are tools designed to provide the user with 
greater understanding of, and the ability to quantify, groundwater flow and solute transport 
in an aquifer system.  Groundwater models have been used for many years to simulate 
groundwater flow and are the basis for predicting solute transport in aquifers.  The goal of 
groundwater modeling is to integrate the existing knowledge about an aquifer system such 
that it tests the conceptual model of the system (i.e., hypothesis testing).  This is 
accomplished by predicting the value of an unknown variable (e.g., piezometric head or 
solute concentration at various points in an aquifer) given a specified set of initial and 
boundary conditions.  Models are also used to determine flow to wells, flow to and from 
streams, heat transport in groundwater, regional flow patterns, flownet analyses, and 
production well design (Walton, 1985). 
 
Mathematical models have gained wide acceptance in the groundwater field.  This 
Standard Reference describes the basic differences between analytical and numerical 
models, outlines the principal steps in the construction of numerical groundwater flow and 
solute transport models, and provides recommended quality control procedures for 
modeling. 
 
This section of the Standard References has been prepared in response to numerous 
requests for inclusion of some material about groundwater modeling.  It represents an 
attempt by DEP to provide an overview of the subject.  It does not represent an 
endorsement by DEP of any particular type of approach, but will discuss the 
appropriateness of using (or not using) a numerical rather than an analytical model in 
reports submitted to the department.  It is outside the scope of this section to undertake an 
in-depth discussion of modeling techniques.   Good documentation is a critical and often 
overlooked element in modeling.  It is essential that, throughout the entire process, the 
modeler documents all steps performed, from the initial conceptual model through the 
various simulations to the final product. 
 
7.1-2  Purpose 
 
The purpose of a groundwater flow model is to be able to make predictions or gain insight 
into an aquifer system by creating, via mathematical expressions and equations, a 
simulation of the distribution of piezometric head in an aquifer.  This simulated data set of 
piezometric heads represents values that have been measured at specific locations (i.e., 
monitoring wells, piezometers, staff gages).  Once a model has been created and properly 
calibrated (i.e., a process of comparing simulated vs. measured heads and adjusting the 
model parameters accordingly), the model can be used to forecast what the distribution of 
head might be for a different set of pumping, recharge or aquifer conditions.   
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7.1.3 General Applications 
 
There are many applications for groundwater flow models.  It might be important, for 
example, to know what the resulting water table might look like if a cutoff wall or french 
drain were installed in the aquifer, or what the influence of a lagoon or impoundment would 
have on the flow field, or what the capture zone of a recovery well might be for different 
pumping rates.  Larger scale applications include defining a well head protection area for a 
municipal water supply or predicting the geometry of a contaminant plume. 
One word of caution is offered to the reader:  models do not necessarily provide unique 
solutions when groundwater flow or contaminant transport are being modeled, since 
combinations of different hydrogeologic and contaminant transport parameters can 
produce similar results.  Groundwater modeling is not an easy task.  At a minimum, an in-
depth understanding of groundwater flow is required.  A reliable model begins with 
collection of comprehensive data on the aquifer being studied and ends with calibration to 
a wide distribution of known heads.  Care must be taken not to misuse models, which may 
lead to erroneous conclusions.  Misuse of models is more likely to occur if the data base 
on the aquifer is limited and does not contain significant information with which to compare 
and verify the response of the model. 
 
In addition, on a larger site, as new field data is acquired, the model can be periodically 
updated.  Thus a "second", or even "third", generation model may be constructed as more 
monitoring wells are installed, or as the boundary conditions are better understood, or as 
more water quality information is gathered. 
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 7.2  MODELING TERMINOLOGY 
 
7.2-1 Terminology 
 
There are a few basic terms that must be understood in order to discuss groundwater 
models: 
 
Advection - Advection is the transport of a non-reactive or conservative solute (i.e., a 
solute that travels without undergoing reactions with the aquifer matrix) at the average 
groundwater velocity that is equal, in a homogeneous porous media, to the specific 
discharge (q) divided by the porosity (n). 
 
Boundary Conditions - Boundary conditions are site-specific physical or hydraulic 
conditions that describe the flux or piezometric head conditions at the edges of the 
groundwater system.  Physical boundaries are formed by the presence of an impermeable 
body of rock or significantly lower permeability unit or large body of water while hydraulic 
boundaries include groundwater divides and streamlines.  These boundaries, described as 
mathematical expressions in the model, have a dominant effect on defining groundwater 
flow in the aquifer being modeled.  Poorly defined boundary conditions will result in a 
problem that is ill defined and for which no meaningful solution can be obtained.  There 
are three basic types of boundary conditions that are used in constructing numerical flow 
models: 
 
1. Specified head - The piezometric head is known for surfaces bounding the flow 
region.  Examples include ponds, streams and reservoirs with an unchanging head 
that is in good hydraulic connection with the aquifer or an equipotential line of 
known value.  As constant heads represent potentially infinite sources or sinks in 
the model, specification of such boundaries needs to be undertaken with care. 
 
2. Specified flux - The flow rate (i.e., flux) is known across surfaces bounding the 
region.  A leaky till/stratified drift boundary is an example of a specified-flow 
boundary.  A special type of specified flux boundary is a no-flow boundary (an 
impervious or barrier boundary).  Another example of a no-flow boundary is a 
groundwater divide or a flow line. 
 
 Note: Equipotential lines or flow lines may be used as model boundaries as 
long as they are far enough away from nodes where pumping or 
recharging centers are located so that the boundaries are not 
influenced by these stresses. 
 
3. Head-dependent flux - The flux is a function of head at this boundary.  This is 
referred to as a mixed boundary because it relates boundary flux to boundary 
head.  Its most common use is to represent interaction between a water table 
aquifer and a stream or river that is separated from the aquifer by a semi-pervious 
boundary (e.g., a silt bed lining the bottom of a channel). 
 
Dispersion - Dispersion is the process of solute spreading and dilution as advection carries 
it along.  It is the result of mechanical mixing as well as molecular diffusion that occurs as 
water migrates through a porous medium.  In more permeable formation (i.e., sands and 
gravel) mechanical mixing and advection are the dominant processes by which a solute 
spreads from a source area.  In low permeability formations such as clay or silty clay, 
molecular diffusion is generally the dominant process by which a solute migrates from a 
source area.  It should be noted that if preferential migration pathways are present in the 
 Section 7 
 Page 4 
 November 1993 
 
low permeability material, due to localized lithologic variations or the presence of vertical 
cracks, then advection and mechanicla mixing can play a dominant role as well.  
 
Initial Conditions - Initial conditions are those conditions that exist in the aquifer at time 
equals zero in the simulation.  For example, the elevation of the water table or piezometric 
head is often specified as an initial condition in transient groundwater flow models or initial 
concentrations would be specified in the case of a transient solute transport mode.  In 
steady state simulations, the initial conditions may be relatively unimportant, but for 
transient simulations, the initial conditions are critical. 
 
Model Calibration - Model calibration is the process of comparing computed values (e.g., 
piezometric head, stream base flow, etc.) that are determined at the end of a model run 
with actual values of head (i.e., measured in the field) and making adjustments to the 
nodal parameters or model boundary conditions until there is agreement between the two 
values.  This is not a node-by-node exercise, but generally parameter values are varied 
over areas of the model to improve overall matching.  While heads should match 
reasonably well, flow directions, hydraulic gradients and overall water balances may be 
even more important aspects of the calibration matching. 
 
Model Construction - Model construction is the process of using the physical and 
hydrogeologic data obtained about the aquifer together with the modeler's conceptual 
model of the system and, by means of employing a model grid, assigning values such as 
hydraulic conductivity, transmissivity and storativity to each node.  The boundary 
conditions and initial conditions are also specified during model construction as required 
by the conceptual model. 
 
Model Grid - The model grid is a two or three-dimensional representation of the aquifer 
geometry.  The model grid consists of connected quadrilaterals or triangles that resemble 
a screen mesh.  Figure 7-1 depicts an aquifer and examples of what some two 
dimensional model grids might look like for finite difference or finite element model 
applications. 
 
Model Simulation - A model simulation refers to the computer generating a set of 
piezometric heads. 
 
Model Verification - Model verification is performed once the model is calibrated.  The 
procedure for verifying a model is accomplished by running the model for a different set of 
conditions, and correspondingly a different set of measured heads, than the set that was 
used to calibrate the model.  If the model is able to compute a set of heads for the second 
set of conditions that matches the field measured heads for those conditions, then the 
model is considered to be "verified" and "well calibrated".  Care should still be exercised, 
however, when running the model under conditions much different than observed or 
calibrated. 
 
Node - A node represents the physical position in the aquifer where the average 
hydrogeologic properties are defined and piezometric heads are calculated.  In some 
models, the nodes are the centers of the grids (see Figure 7-1(b)) while in others they are 
the intersections of the grids (see Figure 7-1(c) and (d)).  In a block centered grid, aquifer 
properties and hydraulic stresses are typically assigned to the block surrounding the node. 
In a mesh centered grid, properties are assigned to the area surrounding the node.  Infinite 
element models, aquifer properties can either be assigned to the node or the  
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element  (Anderson and Woessner, 1992).  The head at the node represents the average 
head for the area immediately adjacent to the node. 
 
Solute Transport - Solute transport in groundwater is the migration of compounds in 
solution through a saturated, porous medium.  Processes such as advection and 
dispersion are two of the dominant mechanisms that govern this process.  A contaminant 
may be subject to other mechanisms such as retardation, chemical or biologic 
transformation, or volatilization that will reduce anticipated concentrations.  A solute that 
does not degrade is said to be conservative. 
 
Steady State - Steady state refers to an equilibrium condition whereby over long periods of 
time, hydrogeologic systems may achieve or approximate some non-changing conditions 
in which heads or concentrations do not change with further passage of time.  Such 
systems are said to have achieved steady state.  Models may deal with this in different 
ways.  Some have "steady state" options, while others require the user to specify some 
long period of time and/or closure criterion beyond which changes in head are considered 
inconsequential. 
 
Transient - Transient refers to a non-equilibrium condition whereby a model is allowed to 
run for a specified period of simulated time.  Typically, initial conditions are steady state in 
order to correctly interpret head changes under transient conditions, due to stresses in the 
model, e.g., pumping. 
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 7.3  MATHEMATICAL MODELS 
 
While the earlier subsections of Section 7.3 are written primarily referencing flow 
modeling, the techniques and concepts apply equally to solute transport models.  Section 
7.3-4 discusses added considerations specific to solute transport. 
 
7.3-1 Types of Models 
 
A mathematical model is a set of equations that describes the physics of a system or 
process.  Mathematical groundwater flow models are powerful tools for studying cause-
and-effect relationships within groundwater systems.  However, unlike physical or analog 
models, mathematical models provide varying degrees of tangible representation of the 
system that is being simulated.  The types of mathematical models are stochastic or 
deterministic while solution techniques may be analytical or numerical. 
 
Application of a stochastic model attempts to recognize that parameters do not have a 
single value over the domain of the aquifer.  Instead, a parameter is likely to have a certain 
probability distribution, even for a relatively homogeneous material.  Stochastic models 
attempt to account for this variance in the basic parameters by determining or assuming a 
probability distribution function (pdf) for some model input parameters.  For example, 
hydraulic conductivity generally has a log-normal distribution, while other parameters may 
have normal distributions.  The stochastic model (for example, the Monte Carlo method) 
randomly samples from the input parameter distribution and calculates a result.  After a 
large number of iterations, possibly hundreds, enough data points are accumulated to 
identify a probability distribution for the output parameter.  Initial data requirements can be 
large (to adequately determine the input variable distributions) and computer run time can 
be high (to provide the number of runs required to determine the output pdf).  Stochastic 
models are rarely used except for very simple flow model situations. 
 
Analytical models are equations that are the closed form solutions to the governing 
equations for flow and transport with appropriate boundary and initial conditions.  In order 
to obtain the closed form solution, it is often necessary to assume a simplified aquifer 
condition, simple boundary conditions, and single values (no spatial distribution) for the 
input parameters.  Depending on the situation, an analytical model may or may not be a 
good choice for accurately determining output parameter values for a specific site.  
However, it may be possible to select conservative values for the parameters and 
construct a worst-case scenario.  If this approach provides satisfactory results, more 
detailed (i.e., numerical) modeling may not be necessary.  Analytical models are generally 
used for simple systems and for screening types of analyses. 
 
Numerical models employ a variety of numerical approximation methods to represent the 
partial differential equations that govern flow and transport.  These include finite difference 
methods that use algebraic approximations, finite element methods that use minimization 
of residuals of weighting functions integrated over the model domain (Galerkin method), or 
approximations of equation forms over typical conditions of groundwater flow, such as the 
method of characteristics.  Examples of numerical models using these various approaches 
are MODFLOW, AQUIFEM, and MOC, respectively.  These approximations are applied 
over each model element or node, giving rise to a set of simultaneous equations that may 
then be either directly solved by matrix inversion methods, or, more typically, by iterative 
procedures that are more efficient than the matrix methods when large arrays are 
involved.  Data requirements and levels of effort are generally much greater for numerical 
models than for analytical models. 
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The basic difference between analytical and numerical models is the degree of 
simplification that is assumed for the boundary conditions and physical system being 
modeled.  The choice between selecting an analytical model or a numerical model may be 
a function of the goals of the modeling, available time and budget, and the quantity and 
quality of data for the site.  Some modelers, however, will construct preliminary models 
with very little data and use the model as an aid to developing the field program.  Often an 
analytical model, calculated for limiting (maximum or minimum expected) values of 
parameters, may provide a satisfactory basis for a decision (e.g., quantifying the 
volumetric rate of flow of groundwater into a recovery trench), and thus save the 
considerable expense and time required for a numerical model.  In any case, a good 
conceptualization of the aquifer system is required in order to evaluate the applicability of 
any given model, and to appropriately include consideration of the underlying assumptions 
of that model. 
 
7.3-2 Analytical Models 
 
Analytical models frequently assume a substantial simplification of the groundwater 
system, but they provide exact solutions to the mathematical expression.  In analytical 
models, the flow is most often described as occurring in confined aquifers that are 
assumed to be: 
 
• homogeneous and isotropic;  
 
• infinite in areal extent;  
 
• uniform thickness throughout; 
 
• groundwater temperature, density, and viscosity are assumed to be constant; 
 
• production and injection wells have infinitesimal diameters and no storage capacity 
or finite diameters with specified storage capacity; 
 
• except for flowing wells, areal discharge and recharge to the aquifer are constant 
(and might not be included);  and 
 
• hydrogeologic boundaries usually are not addressed in the general solution.  
However, boundary problems may be handled by using image well theory (Walton, 
1985). 
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•  
 
Darcy's law, one form of which is given by the expression:  
 
 q = KJ  
 where: 
 q = specific discharge;  
 K = hydraulic conductivity; and  
 J = hydraulic gradient 
 
is an equation of motion that reflects the most simple analytical model.  Using it requires 
satisfying all of the conditions previously stated.  If the hydraulic conductivity and hydraulic 
gradient are known, then the specific discharge can be quantified.  Furthermore, given any 
two of the three parameters, the third variable can be calculated at any other location in an 
aquifer that has homogeneous, isotropic properties. 
 
Other examples of analytical models include the Dupuit-Forcheimer discharge formula for 
flow in unconfined aquifers and Jacob's approximation of the Theis equation for predicting 
the transient drawdown response due to the influence of a pumping well.  Some texts 
containing these and other analytical models include:  "Hydraulics of Groundwater" (Bear, 
1979), "Quantitative Hydrogeology" (deMarsily, 1986). 
 
7.3-3 Numerical Models 
 
Numerical models represent the equation of motion and statement of mass conservation 
of groundwater in an aquifer system.  They rely on the same principles and equations as 
analytical models, but they generally require fewer simplifying assumptions.  The 
theoretical basis for the governing groundwater flow equations is well documented and is 
based on a combination of Darcy's Law and the groundwater mass balance equation 
(Wang and Anderson, 1982; Mercer and Faust, 1981).  Some of the principle input 
parameters necessary to construct a groundwater flow model at a specific site must be 
identified.  These parameters include: 
 
• the shape of the potentiometric surface for confined aquifers or the piezometric 
surface (i.e., the water table) for unconfined aquifers; 
 
• the distribution of hydraulic conductivity, and depth to bedrock or transmissivity in 
the aquifer; 
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• the geometry of the aquifer;  and 
 
• the location and nature of recharge or barrier boundaries. 
 
The potentiometric head (needed for model calibration) can be measured at selected 
locations in the field; transmissivity or hydraulic conductivity and depth to bedrock can be 
estimated with reasonable reliability using pumping or, if necessary, slug test data, 
boring log information, or a host of other field or lab tests (see Section 7.4-4.2 for greater 
elaboration); and the aquifer/aquitard geometry can be determined from boring log and 
pumping test information, surface geophysics and survey data.  Geophysical techniques 
such as seismic refraction, electrical resistivity and ground penetrating radar are cost 
effective ways of characterizing aquifer geometry, stratigraphy and, to some degree, the 
depth to the water table. 
 
The acquisition of this physical data, in conjunction with water quality results, is invariably 
limited in extent, principally because of economic considerations.  It is, however, the 
primary and fundamental source of information upon which the model is constructed.  
Consequently, the inherent weakness associated with many modeling efforts is lack of 
sufficient data of usable quality.  It behooves the project manager and modeler to 
continually be aware of this when conceptualizing and constructing models.  It is also why 
the calibration procedure and sensitivity analysis are such an important part of the 
modeling process. 
 
The discharge/recharge relationship of surface bodies of water (i.e., lakes, ponds and 
streams) within and adjacent to the aquifer needs to be identified in order to properly 
construct and calibrate the model.  This data can be obtained by taking contemporaneous 
stream flow measurements at different locations in a stream or river during extended 
periods of little or no rainfall (three or four days) or by utilizing streamflow measurements 
at USGS gauging stations.  The water that is in the stream channel during these times is 
referred to as base flow and represents almost entirely the groundwater portion of stream 
flow.  Using a technique referred to as stream tube or flow net analysis, this information 
coupled with piezometric head data in the aquifer can be used to estimate the hydraulic 
conductivity in other parts of the aquifer.  At the very least, this information will be needed 
to calibrate the model when the nodal water mass balance (i.e., the amount of water 
coming in and out of each node) is performed. Seepage meters may also be used to 
quantify flux between the aquifer and a surface water body.  When used with piezometers 
below the streambed, hydraulic conductivity of the streambed can be estimated (Lee, 
1978). 
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Gathering physical and chemical data for an aquifer is generally very costly and time 
consuming given:  
 
• the geologic variability that exists in glaciated terrains such as New England;  and  
 
• the types and required detection limits of the contaminants that are being 
regulated.   
 
That is why it is very important that the project manager, field geologist and modeler all 
have a good conceptual understanding of the hydrogeology of the aquifer.  If the team 
lacks or is weak in any of these areas:   
 
• a firm theoretical understanding of flow through a porous or fractured bedrock 
medium;   
 
• the nature and characteristics of the contaminants in question;   
 
• the influence that any production wells may have on regional flow;   
 
• how the aquifer is bounded; and  
 
• appropriate protocols for installing and sampling monitoring wells and conducting 
other field activities, 
 
then the following will occur:  
 
• a poorly defined conceptual model;   
 
• the design and execution of an inadequate field sampling program; 
 
• insufficient and/or inaccurate data with which to construct and calibrate a 
groundwater flow and, if appropriate, a solute transport model;   and  
 
• a poorly designed remedial strategy. 
 
In most numerical models, the governing partial differential equations are approximated 
by algebraic difference expressions relating unknown variables (e.g., head, flux) at 
discrete points (nodes) at different times (Javandel et al., 1984).  Consequently, more 
complex conditions such as heterogeneity and anisotropy can be more accurately 
simulated in numerical models than in analytical models.  Typically, numerical models 
utilize more data than analytical models because varying aquifer properties may be 
described at numerous, discrete points within an aquifer.  Complex or irregularly shaped 
boundaries such as leaky streams or impervious (i.e., no-flow) boundaries or a 
meandering river are generally easier to model using a numerical approach, while 
analytical models are severely constrained in this regard. 
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7.3-3.1 Finite-difference Technique 
 
There are two common types of numerical techniques that are applied to groundwater 
problems:  finite-difference and finite-element methods.  Finite difference techniques solve 
the groundwater-flow equation by approximating the derivatives of partial differential 
equations at regularly or variably spaced points in the system.  The finite-difference 
technique employs a grid of squares or rectangles as depicted in Figures 7-1(b) and (c).  
Figure 7-1(b) is a block centered representation of the aquifer shown in Figure 7-1(a), 
while Figure 7-1(c) is a mesh or node centered grid of the same aquifer.  There is no 
significant difference between the two.  If there are lateral variations in hydraulic properties 
within the aquifer, such as transmissivity or storativity that are linear in nature, use of a 
block centered grid makes it slightly easier to delineate and assign values to those 
regions.   
 
Notice that in either case, (b) or (c), because of the perpendicular nature of the intersecting 
grid lines, some of the grid is either outside or inside the physical aquifer boundary.  Since 
aquifer geometry and boundaries are rarely linear features, this condition will invariably 
arise.  The only time that it may present a problem is if accurate piezometric data are 
desired adjacent to those features.  If that is the case, then a finer grid size will result in a 
more accurate determination of piezometer head.  However, a finer mesh will increase the 
number of nodes necessary to describe the feature, which in turn will result in greater 
computation time.  This generally translates into an increased level of effort and expense 
in model construction and validation and computing costs. 
 
7.3-3.2 Finite Element Technique 
 
If the geometry or internal physical features are curvilinear, then it might be easier to 
model the aquifer using a finite element approach with triangular elements of varying size 
as depicted in Figure 7-1(d).  Irregular aquifer or lateral internal variations in geologic 
properties (e.g., lateral changes in aquifer properties or irregularly shaped water bodies) 
can be more readily accommodated with a finite element mesh although the time 
necessary to construct the grid and input the data into the computer can be considerable. 
 
The finite-element method approximates differential equations by an integral method.  The 
model area is divided into sub-regions, or elements, and the finite-element model grid may 
consist of triangles or quadrilaterals.  Numerical models utilize a variety of solution 
techniques to solve the resulting equations.  Additional information on finite-difference and 
finite-element techniques and solution techniques is contained in numerous introductory 
modeling texts (e.g., Wang and Anderson, 1982; Walton, 1985). 
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7.3-4 Solute-Transport Models 
 
Solute-transport models simulate the distribution of contamination as concentrations (i.e., 
mass per unit volume of a compound) in an aquifer by simultaneously solving both the flow 
equation and the transport equation.  Physical, chemical, and biological processes all 
affect the rate and migration of contaminants in an aquifer.   
 
Solute transport processes include physical phenomena, and chemical and biological 
reactions.  Individual processes are, in some cases, fairly well understood under 
laboratory conditions and can be somewhat replicated under field conditions in saturated 
porous media.  Solute transport in fractured bedrock is much more difficult to identify and 
characterize because of the heterogeneous anisotropic nature of the aquifer.  In addition, 
when multiple contaminants are present that respond differently to different processes in 
either media (unconsolidated or bedrock), the resulting synergistic reactions become 
difficult to model.  Thus, real problems arise in very heterogenous or fracture-dominated 
systems or when nonaqueous phase contaminants or solutes that react with solid, liquid or 
biological components of the subsurface are present.  These cases, and they are common 
(i.e., gasoline spills, metals, organic solvents, etc.), can be very difficult to model.  
Consequently, this greatly limits the reliability of using mathematical models of solute 
transport to predict future site conditions for such situations.   
 
The basis for the selection of values of various input parameters for solute transport 
models, such as dispersion coefficients, is still being debated.  Another required input 
parameter, which is generally not well defined, is the strength of the contaminant source.  
Also, input parameters for the transport equation, such as dispersion coefficients and 
biotransformation rates, are difficult to quantify in the field with available technology, 
particularly in groundwater regimes where flow is very slow. 
 
Assessment of solute transport requires a multi-disciplinary approach that integrates the 
geologic, hydrologic, chemical, and biologic processes and features that are important at a 
site (Keely, 1987).  A complex array of chemical wastes and a poorly documented 
contaminant release history are associated with most contaminated sites, thus making 
solute-transport modeling a difficult proposition.  Some of the known factors that influence 
the fate and transport of contaminants are listed on Table 7-1.  At the present time, there 
are many gaps in our understanding of solute-transport phenomena and the appropriate 
methods for characterizing them.   
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Of the physical processes affecting solute transport, advection, a flow dominated process, 
is the most well understood parameter.  Recent studies (Sudicky, 1986) indicate that 
advection may be the dominant control in the physical processes of solute transport and 
that the delineation of the complex and difficult-to-measure parameters such as dispersion 
or diffusion may be unnecessary.  These studies suggest that a detailed description of the 
distribution of hydraulic conductivity in an aquifer may be the most important factor in 
simulating solute-transport, although obtaining this data could be economically prohibitive.  
Hence, in order to predict contaminant transport adequately, it is imperative to have a well-
calibrated groundwater flow model.  Other researchers, however, suggest that calculations 
of travel time based solely on advection and longitudinal mechanical dispersion may 
greatly underestimate breakthrough of the solute (Keely, 1987).  Finally, under certain 
circumstances, for example, when flow velocities are extremely low (e.g., when leachate 
passes through clay liners), molecular diffusion becomes the controlling component for 
solute transport, unless there are conduits for vertical flow through the clay liners such as 
cracks, roots, etc.. 
 
The measurement and mathematical description of chemical processes in the subsurface 
are less certain than the physical processes affecting solute transport.  Although 
parameters such as ion exchange and oxidation-reduction reactions are well understood 
in the laboratory, their application to field conditions is difficult.  In addition, the complex 
interaction of various organic and inorganic compounds that are often present at 
contaminated sites is difficult.  The solute-transport models currently available do not take 
these chemical and geochemical interactions into account. 
 
Biological processes are another set of frequently overlooked parameters that affect the 
fate and transport of contaminants.  These processes include the biotransformation of one 
compound into another as the result of subsurface biological activities.  Although the 
presence of these processes is recognized, the factors influencing the rates, abundance, 
and impact of these processes are not well defined.  The effect of biological processes on 
solute fate and transport is currently an area of intensive research and, as these 
processes are better quantified in the field, they may be able to be more accurately 
modeled. 
 
Due to the complex nature of the interactions of these processes, it is often necessary to 
make assumptions and simplifications to obtain mathematically manageable solutions 
(Keely, 1987).  In many cases, the impact of certain parameters must be ignored 
completely in order to describe the problem mathematically.  The magnitude of errors 
arising from these assumptions and simplifications must be carefully evaluated. 
 
For example, transport models, which only consider advection and dispersion, are not 
likely to be representative of a case where contaminants may be removed by a process 
such as adsorption.  Consequently, the accuracy and applicability of solute-transport 
model simulations must be reviewed in light of the assumptions made during the modeling 
phase.  Until there is a better understanding of all the subsurface processes affecting 
solute transport, the results simulated by solute-transport models should be applied with 
caution when making remedial and/or regulatory decisions with regards to a site.  Use of 
conservative values for transport parameters can, however, establish reasonable limits to 
expected concentrations.  Under worst-case conditions, it may be possible to establish 
acceptable risk criteria for a site. 
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7.3-5 Application of Numerical Models to Groundwater Flow Problems 
 
Numerical models can be applied to a variety of groundwater problems to increase the 
user's understanding of the natural flow system and how the flow system might respond to 
various stresses, both natural and man-made.  Models can be used either for interpretive 
or predictive purposes to simulate how a particular aquifer may respond to recharge, 
pumping wells, or some other form of hydraulic remedial action.  Models can also be 
useful tools for designing a subsurface monitoring program for site investigations or long-
term monitoring.  Typical applications of numerical models include: 
 
• Testing and improving the conceptual model of a ground water flow system initially 
formulated on the basis of field observations; 
 
• Evaluation of the impact of various activities on groundwater quantity (aquifer 
stress and yield); 
 
• Evaluation of the effectiveness of alternative remedial pumping schemes; 
 
• Evaluation for risk assessment purposes of the potential exposure of receptors to 
various contaminants over time; 
 
• Definition of well head protection zones; 
 
• Evaluation of saltwater intrusion; and 
 
• Design of monitoring well networks. 
 
7.3-6 Modeling Limitations 
 
An important step in any modeling program is to determine if the construction of a 
mathematical model is appropriate and necessary.  Figure 7-2 is a flow chart for 
determining whether or not modeling is required.  Often times, gathering additional data 
will improve the conceptual understanding of the site; however, a cost benefit analysis that 
considers the goals of the investigation should be performed prior to collecting more data. 
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In some cases, models are used to predict current groundwater contaminant 
concentrations at potential exposure points, utilizing only data near the contaminant 
source.  Project managers should constantly evaluate whether simply gathering real, 
current data at the potential exposure points is useful and beneficial. 
 
Because of the sometimes extreme heterogeneity of the geologic environment or the 
potential for different interpretations of the same hydrogeological data set, a good modeler 
should always take a conservative approach in evaluating the validity of the model in its 
ability to estimate some prior or future condition.  Embarrassing stories abound in 
modeling circles concerning the discovery of previously unidentified geologic features 
identified with subsequent drilling programs, which, by their presence, necessitated major 
revisions to the conceptual and numerical model.  Models aid in understanding how a 
system works, but room for refinement of that understanding always exists. 
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 7.4  PROCEDURES FOR CONSTRUCTING A NUMERICAL FLOW MODEL 
 
7.4-1 Modeling Team 
 
At a minimum, the modeling team should consist of the modeler and the site 
geologist/hydrogeologist or engineer skilled in groundwater hydrology.  The site project 
manager need not be a geologist/hydrogeologist.  The modeler should conduct one or 
more site visits and frequently discuss the model with the site geologist/hydrogeologist 
with regards to where he/she feels the weaknesses of the model exist and what kind of 
information he/she needs to strengthen the model.  Under no circumstance should the 
modeler construct the model without consulting with the site geologist/hydrogeologist, 
unless he/she is also the site geologist/hydrogeologist or has conducted the field work. 
 
The model selected for use on a project should vary according to site conditions and 
modeling requirements.  The level of experience of the modeler should also vary with the 
more experienced modelers constructing the more complex models.  Depending upon the 
size and complexity of the model and staff availability, a less experienced modeler should 
serve as an aid to the principal modeler assisting in grid construction, data entry and 
performing the computer runs.  In this way he/she gains more experience in learning how 
to construct and calibrate more complex models. 
 
If a solute transport model is also required, then depending upon the contamination that is 
being modeled, a chemist in the particular branch of chemistry in question should be part 
of the modeling team.  That individual should review the geologic and chemical data and 
participate in the development of the conceptual model.  The types of contaminants that 
can be modeled include: 
 
• inorganics (including metals); 
 
• volatile organic compounds; 
 
• acid/base neutral compounds; 
 
• dense or light non-aqueous phase liquids (DNAPL or LNAPL, respectively);  and 
 
• radioactive compounds. 
 
All of these classes of compounds have different physical, chemical and biological 
properties and will behave and react differently in the aquifer and in some cases with each 
other as well.  For some chemicals (e.g., for a DNAPL plume) and/or some aquifer 
conditions (i.e., fractured bedrock) acquiring sufficient data could be extremely difficult. 
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Another important requirement for a modeling program is time.  Where analytical models 
may take an hour or a day to set up and evaluate, numerical models, depending upon 
their size and complexity, may require weeks or months to properly design and calibrate. 
 
7.4-2 Conceptual Model 
 
The conceptual model is the modeler's and project geologist/hydrogeologist's concept of 
how the physical hydrogeological system works.  It includes a discussion of all of the 
controlling factors in the system, such as aquifer extent and thickness, sources, sinks, and 
hydrogeologic boundaries.  Alternatively, it may be a working hypothesis that the modeler 
wishes to test.  In addition, the conceptual model becomes the basis for developing future 
data gathering efforts.  Any model is only as good as the conceptual model and its ability 
to capture the essential elements of the hydrogeologic system. 
 
A conceptual model should be developed whenever a site is being evaluated irrespective 
of whether or not a model is to be constructed.  It is a "picture" in the project manager's 
mind of what the site subsurface and groundwater flow conditions are.  It is, or should be, 
continually refined as new data are acquired.  The development of a conceptual model 
should begin as the first pieces of information are received.  Activities as rudimentary as 
review of a topographic map, hydrologic atlas or conducting a site visit should begin to 
stimulate ideas or "concepts" about the site hydrogeology.  As more data is gathered and 
reviewed (e.g., aerial photographs, boring logs, prior reports, etc.), the site 
geologist/hydrogeologist should continually be refining his/her mental image of the aquifer. 
The evolution of the conceptual model is the primary responsibility of the site 
geologist/hydrogeologist not the modeler.  The site geologist/hydrogeologist synthesizes 
all of the data and presents the conceptual model to the modeler for review and 
discussion.  The modeler then reviews the conceptual model and depending upon the 
goals the modeling effort may have some specific data needs or requirements in order to 
fulfill those goals.  The subsequent field work initiated for the project should, costs 
permitting, attempt to fulfill those goals. 
 
Very often contamination exists at the site (i.e., a leaking UST, a lagoon, a waste pile).  A 
conceptual model of the waste source and its migration pathway(s) to the subsurface also 
needs to be developed simultaneously and integrated with the conceptual flow model.  
This should be done irrespective of whether or not a solute transport model is to be 
constructed as it will aid in locating monitoring wells or sampling locations. 
 
Whatever the type of model to be constructed or used (i.e., analytical or numerical), a 
conceptual model of the aquifer needs to be created.  As dictated by the site complexity  
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and level of effort requested by the private party or DEP and the goal of the modeling 
effort, the conceptual models should include, but not be limited to:   
 
• sketches; 
 
• cross-sections;  
 
• block diagrams;  
 
• flow nets in map view and in cross-section;  
 
• aquifer geometry;  
 
• distribution of geologic materials both laterally and vertically;  
 
• nature of the underlying bedrock;  
 
• description of lateral aquifer boundaries (i.e., valley walls, streams, etc.);  
 
• a discussion of major withdrawals or recharge to the aquifer;  
 
• leakage from overlying bodies of water;  
 
• wetlands or underlying aquifers;  
 
• the nature of any confining units that might be present;  
 
• the gaining or losing nature of any streams or rivers within or adjacent to the 
aquifer;  
 
• horizontal and vertical hydraulic gradients;  
 
• hydraulic conductivity and storativity of the different geologic materials in the 
aquifer;  and  
 
• the distribution of natural recharge across the aquifer. 
 
In general, the more complex the site, the greater the level of effort is required to evaluate 
its hydrogeology and the more detailed is the conceptual model with fewer simplifying 
assumptions.  Conversely, a simple site requires a lower level of effort and results in a less 
detailed conceptual model.  Modelers should not extend a limited data set in order to 
achieve results for a complex set of goals. 
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7.4-3 Selection of an Appropriate Model 
 
The selection of the type of model should be based on the objectives of the program, the 
complexity of the system, and the available data.  According to de Marsily (1986), 
situations where the construction of a numerical model may be more suitable than an 
analytical model include: 
 
• needing to identify migration pathways and predict end point receptor 
concentrations; 
 
• having boundary conditions (either flow or no-flow) with complex shapes and/or 
situations where assuming infinite areal extent, constant aquifer thickness, and 
homogeneous, isotropic conditions or the use of image wells cannot adequately 
describe the system; 
 
• having a non-linear problem where no analytical solution is available. 
 
• varying aquifer geometry that is too intricate to be adequately represented with an 
analytical model, i.e. single values of hydrogeological parameters selected for the 
analytical model are inadequate for describing the real system;  and/or 
 
• having an analytical solution available, but which is very time-consuming or 
complex to calculate. 
 
Selection of the most appropriate numerical model should be based on site conditions, the 
purpose of the modeling exercise, and the availability of data to adequately construct and 
calibrate the model.  For example, a two-dimensional (2-D) groundwater flow model is 
appropriate if groundwater flow can reasonably be assumed to be horizontal.  In 
constructing a 2-D model, if vertical heterogeneities exist in the aquifer, vertically averaged 
values of hydraulic conductivity can be calculated and used as input data.  A cross-
sectional or profile model can be constructed when consideration of vertical flow is 
important.  The profile, however, needs to be constructed along a flow line.   
 
A three-dimensional (3-D) model is appropriate if flow or solute transport in the third 
dimension is important to the understanding of the site hydrogeology (e.g., during pumping 
simulations in the vicinity of the pumping well, or where leaky aquitards are present, where 
the vertical distribution of head is of major interest, or where significant vertical 
heterogeneities exist).  Three-dimensional models are also very useful in areas where 
groundwater flow is controlled by topography which may give rise to the presence of local, 
intermediate and regional flow systems resulting in complex vertical flow conditions.   
 
For any numerical modeling effort, however, there must be sufficient data collected to 
support its construction, calibration and validation.   Obviously, when constructing a three-
dimensional model, the data requirements are significantly greater than for a two-
dimensional model.  For example, a number of well nests or well clusters are necessary in 
order to calibrate a 3-D model which greatly increases the cost of the field effort and the 
length of time necessary to complete it. 
 
When aquifers that have vertical variations in composition and/or have vertical differences 
in hydraulic head or situations where it is important to know the vertical distribution of head 
are going to be modeled three dimensionally, multi-level or multi-port wells need to be 
installed in areas where vertical changes in head are anticipated.  Not only is this an 
expensive and time consuming process, but constructing, calibrating and verifying a three 
dimensional model becomes very time consuming and expensive as well.  For these 
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situations, there has to be an extensive amount of field work of sufficient adequacy to 
achieve the desired objective. 
 
What constitutes a "sufficient" data set is a matter of interest that deserves some 
discussion.  Geostatistical software packages are available that are used for parameter 
estimation.  "Kriging" is just one of a handful of techniques that is used to take a known 
data set and interpolate between those values as well as assign a confidence interval for 
the estimates that have been calculated.  Another way of kriging data is to evaluate the 
data set of a number of values from one well (e.g., water quality) to arrive at a value that is 
representative of the entire set.  Another way of stating the above is that kriging is the 
process of finding the best linear unbiased estimate at a point (or the average over an 
area) by linear interpolation from the variable data (DeMarsily, 1986). 
 
The confidence interval of the estimate will vary depending partly upon the number of 
samples.  The data sets for hydrogeologic investigations for the most part are rather 
limited.  Consequently, the estimated confidence interval needs to be looked at carefully.  
For example, interpolation of a water table data set for an unconfined aquifer (i.e., a water 
table map) and a map showing the areal distribution of hydraulic conductivity might have 
similar confidence intervals.  However, given the nature of the two parameters, hydraulic 
head (which spatially varies fairly uniformly and is rather damped) and hydraulic 
conductivity (which may be randomly distributed), the contoured map of piezometric data 
is less likely to significantly change with the acquisition of new data than the hydraulic 
conductivity map. 
 
7.4-4 Data Compilation 
 
A significant amount of data is needed to construct an accurate numerical model.  
Typically, a model begins with the construction of a series of maps and stratigraphic cross-
sections that describe the aquifer conditions.  This information is generally compiled by 
members of the field investigation team or modeling team and has as its basis the 
conceptual model that has been developed for the site.  Because the conceptual model 
evolves continually, it is not unusual for the conceptual model to be refined as the data is 
compiled and depicted in the various types of maps and figures that hydrogeologically 
describe the site.  Input data for a numerical model usually consist of, at a minimum, the 
items described below. 
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7.4-4.1 Geometry of the Aquifer System 
 
The geometry of the aquifer system consists of a physical description of the aquifer 
including the geologic units, their vertical thicknesses and lateral extent.  This information 
is obtained from subsurface borings, surface and borehole geophysical data, surficial 
mapping, an understanding of the geomorphology and depositional environment, and the 
construction of geologic cross-sections. 
 
A minimum number of contoured maps should be developed prior to model construction.  
For a water table aquifer, they are:  
 
• a hydraulic conductivity map;   
 
• an aquifer bottom elevation map (this may or may not be equivalent to a bedrock 
topographic map;   
 
• a land surface topographic map; 
 
• a map of the elevation of water table;  and 
 
• a porosity map, if solute transport is being modeled. 
 
For a confined aquifer, maps depicting the lateral distribution of transmissivity (rather 
than hydraulic conductivity) in the aquifer and the potentiometric surface are required.  In 
some cases (e.g., transient flow modeling), maps depicting the distribution of specific 
yield (water table aquifer) or storativity (confined aquifer) may be required.  This latter 
information is generally difficult or expensive to obtain in the field and globally assumed 
values from published literature are often used in the model.  However, depending upon 
the types of geologic materials present, it may be desirable to use different published 
values in different parts of the aquifer (e.g., till upland adjacent to stratified drift). 
 
It is not unusual for modelers to use equations for confined aquifers to estimate responses 
in unconfined aquifers (i.e., holding transmissivity constant), particularly if the dewatering 
effects in the area of concern are minimal.  (Note:  dewatering lowers the water table and 
reduces the saturated thickness, which in turn results in a lower transmissivity.)  The 
advantage to doing this is that data compilation and entry time are significantly reduced.  
This approach is more acceptable in regions that are distant from a pumping or recharge 
well or where seasonal changes in the water table are small.  The model will accurately  
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reflect head values in those areas.  Where dewatering is significant (greater than 
approximately 10% of the saturated thickness), this approach is not recommended and 
should not be used without correcting the drawdown for the dewatering effect. 
 
7.4-4.2 Transmissivity 
 
The transmissivity of the aquifer can be obtained directly from pumping tests as well as 
from other methods.  In order of preference, they are:   
 
• pumping tests,  
 
• field tests of hydraulic conductivity (i.e., slug tests),  
 
• dividing estimated regional flow by measured hydraulic gradient, 
 
• laboratory permeability tests on the soils,  
 
• grain size analysis, or  
 
• published data.   
 
When hydraulic conductivity (K) is obtained directly (i.e., slug tests, grain size, etc.), the 
saturated thickness of the aquifer (b) must be estimated so that the transmissivity (T) can 
be calculated (T=Kb). 
 
Pumping tests, particularly large capacity tests, are the preferred way to estimate 
transmissivity over large regions of the aquifer.  Transmissivities derived from pumping 
tests are less satisfactory for solute transport models where variations in hydraulic 
conductivity are more important than average conductivities over a large region.  Very 
often in dealing with contaminated sites, pumping tests, prior to the treatment system 
being operational, are run at much lower volumetric rates to minimize the extraction of 
contaminated groundwater and consequently impact a smaller region of the aquifer.  Slug 
tests measure the hydraulic conductivity only in the immediate vicinity of the monitoring 
well and care must be taken in extrapolating those results very far from where the 
measurements were taken.  Regional flow can sometimes be approximated based on 
estimates of areal recharge and the upgradient recharge area.  Using Darcy's Law, this 
flow can be divided by the measured gradient and flow tube width to approximate 
transmissivity.  Laboratory tests for hydraulic conductivity require physically taking 
samples of the aquifer into a soils lab for permeameter testing and/or for sieve analysis 
(see Section 3.8-1).  In doing this, the soil structure (packing) is disturbed which will alter 
the hydraulic conductivity.  In the absence of field data, published tables may provide 
reasonable estimates of hydraulic conductivity. 
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7.4-4.3 Storage Coefficients 
 
The storage coefficients and/or specific yields are also necessary input parameters for 
transient simulations.  Storage coefficients can be determined through aquifer tests, and 
specific yield can be estimated through aquifer or matrix and void space volumetric tests 
that are performed in the laboratory.  If these data are not available, assumed values for 
these parameters are often used.  An order-of-magnitude value is often assumed for the 
confined storage coefficient.  Specific yield or unconfined storage coefficients can be 
estimated much more closely. 
 
7.4-4.4 Identification of Surface Water Features 
 
The locations of surface water bodies are also necessary for model construction.  
Locations usually can be obtained from topographic maps or from aerial photos, although 
more accurate information regarding these features is generally obtained in the field.  The 
hydraulic connection and flux (i.e., leakage, induced infiltration, or groundwater discharge) 
between these surface water features and the groundwater system will need to be 
quantified. 
 
7.4-4.5 Leakage 
 
Leakage rates from semi-confining layers, or induced infiltration or leakage from lakes, 
ponds and streams can be determined by analyzing data from a well-designed aquifer test 
or estimated from the geologic description of the adjacent units, based on their estimated 
thickness, permeabilities, and vertical head differences.  Seepage meters and streambed 
piezometers can also be used to quantify flux from an adjacent surface water body into or 
out of an aquifer (Lee et al., 1978). 
 
7.4-4.6 Delineation of Discharge and Recharge Areas 
 
Depending upon the goal of the modeling effort, the location and rate of recharge to the 
system through precipitation, infiltration, and or injection should be determined based on 
field measurements or estimated from available geologic and climatological data.  Zones 
where groundwater is extracted from the aquifer system through pumping or natural 
discharge to surface waters should be identified and quantified to the extent possible.  
Measurement of pumping rates and temporal variations in pumping rates from wells and 
the use of stream-gauging and seepage meters in streams and swamps can provide data 
to help quantify these factors. 
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7.4-4.7 Piezometric Heads 
 
Piezometric head data are required for the construction, calibration, and validation of a 
model.  These data are obtained from water-level measurements made at various 
locations and depths in the aquifer.  This information can be compiled in the form of water-
table and piezometric maps or hydrographs for specific wells.  The collection of head data 
over a period of several years may be required to determine long-term (steady-state) 
conditions in an aquifer.  For 3D models, piezometric measurements should be made in all 
aquifer layers that are being modeled in order to achieve a good calibration. 
 
 
It is not unusual for a site to be investigated over a period of years with the modeling effort 
coming in the later part of the project.  Consequently, it behooves the project manager to 
have water levels measured at a minimum on a quarterly basis until the hydrogeology is 
understood.  Once that occurs, semi-annual measurements (preferably in late spring and 
fall) can be taken.  The U.S. Geological Survey (USGS) has a network of long term 
monitoring wells in the state that are measured on a monthly basis.  This data should be 
used, when appropriate, to supplement site-specific data.  Techniques for predicting 
probable high groundwater levels in Massachusetts and on Cape Cod are available from 
the USGS (Frimpter, 1980 WRI-OFR 80-1205 and Frimpter, 1980 WRI-OFR 80-1008, 
respectively). 
 
7.4-5 Definition of Boundary and Initial Conditions 
 
In order to solve the partial differential equations that define the flow regime, the nature 
and location of the hydrologic boundaries need to be determined.  This information may be 
based initially on a conceptual model of the flow system, however, the existence of 
boundaries must be verified in the field.  Models should maximize the use of any field 
measurements of stream and pond elevations, or discharge and recharge rates, as well as 
the physical location of aquifer boundaries.  When transient conditions are simulated, 
initial conditions are also required.  For example, in a simulation of flow through an 
unconfined aquifer, the initial piezometric head values are assumed at the node locations 
within the aquifer.  These head values represent the initial conditions for the transient 
(non-steady state) simulations. 
 
In some cases the natural limits of the aquifer may be extremely far from the area of 
interest in the model.  In this case artificial boundary conditions may be used, such as 
constant-head (i.e., an equipotential line), constant flux, or no-flow boundaries (i.e., a 
groundwater flow line).  In applying these artificial boundary conditions to the model, it is 
assumed that these boundaries will not be significantly affected by the simulation.  If 
pumping or recharging wells are influencing these boundaries, then the model will need to 
be reconstructed so as to minimize this interference.  The appropriateness of these 
boundary conditions should be checked to determine their influence on long-term 
predictions of the model (de Marsily, 1984).  This can be accomplished by replacing a 
constant-head boundary with a specified-flux boundary and running the model again.  If 
the differences in the two simulations are insignificant, then the artificial boundary 
conditions are not significantly affecting the simulation.  Note, however, that the model still 
might not be valid due to failure of other criteria, which are discussed in Section 7.6-3, 
Sensitivity Analysis. 
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7.4-6 Construction of the Model Grid 
 
Once the conceptual model has been formulated, the model grid can be constructed.  This 
process is often referred to as discretization.  The design of the grid will affect the 
accuracy of the piezometric approximations at specific locations in the model, as well as 
the amount of time necessary to run the model on a computer. 
 
A general rule of thumb to follow is that if variable grid spacing is to be used, then the node 
or grid spacing should become smaller whenever there are abrupt changes in:  1)  
physical properties (e.g., a till-stratified drift contact);  or 2)  piezometric head (e.g., 
adjacent to a production or recharge well).  Referring to Figure 7-1(a), (c) and (d), the 
node spacing in the vicinity of the production wells is much closer than along the model 
boundaries.  The closer grid spacing will provide better resolution of piezometric head in 
those areas.  The trade off for having a finer grid spacing is that in doing so, the number of 
nodes generally increases which results in greater computational time.  This may seem 
insignificant for a two dimensional model, but can become significant for three-dimensional 
models.  This can be compensated to some degree by creating larger grid spacing away 
from the areas of interest (e.g., near the model boundaries (see Figure 7-1(d)).  With 
regards to node spacing, some finite difference codes recommend that an adjacent node 
be no more than 1.5 times the distance between the last two nodes. 
 
The following general guidelines (modified after Mercer and Faust, 1981) should be 
followed when designing a model grid: 
 
1. Place nodes at pumping centers and monitoring/observation wells.  In the case of 
a tubular well field (i.e., a series of small diameter wells manifolded together), a 
number of wells can be grouped together at one node. 
 
2. Accurately locate model boundaries so that they correspond with real 
hydrogeologic boundaries.  As depicted in Figure 7-1, finite element techniques 
can approximate curvilinear boundaries and other features better than finite 
difference techniques.  The loss of this kind of detail is not significant if knowing 
exact piezometric heads in those areas is not important. 
 
3. Place nodes close together in areas where there are large variations in geologic 
conditions or anticipated, significant changes in hydraulic head (for example, near 
pumping or recharging wells).  What defines "close" is really a function of the size 
of area to be modeled, the number of nodes that are available, and the particular 
solution technique utilized in the code.  The larger the area, the greater the node 
spacing.  The limiting factors are either the software (some codes have a 2,500 
node limit) or the hardware (available memory capability). 
 
4. Align the axes of the grid along major directions of anisotropy or heterogeneity. 
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7.4-7 Assignment of Parameters to Nodes 
 
Once the basic data have been compiled and the model grid has been designed, model 
parameters can be assigned to each node.  At this point, the physical aspects of the 
aquifer are defined for each node in the model by overlaying the model grid over maps of 
saturated thicknesses, transmissivity, initial conditions, and other features.  The properties 
are assigned to each node of the model and comprise the input files for the model. 
 
Keying the data into the computer on a node-by-node basis is a time consuming process 
and incorrect data can often be entered for a node.  It is important to check the input data 
very carefully prior to running the model.  It is pointless to attempt to calibrate the model if 
the input data is in error.  Some errors become apparent only when first attempting to run 
the model, particularly when using a new or unfamiliar model.  The user should plan on 
some initial debugging runs to aid in correcting input data files. 
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7.5  PROCEDURES FOR RUNNING A NUMERICAL FLOW MODEL 
 
7.5-1 Model Calibration 
 
Calibration of the model consists of running the model and comparing model-simulated 
heads to a set of field-measured heads and, where applicable, model-simulated rates of 
groundwater discharge to a set of field-measured rates of groundwater discharge.  This is 
accomplished through a trial-and-error process of varying aquifer parameters (e.g., 
transmissivity, storativity, recharge, etc.) in different regions of the model (having, of 
course, some justification for making the changes) until the match between model-
simulated and field-measured conditions is considered acceptable.  Calibration can be 
performed to steady state or average head conditions or to transient conditions.  Other 
calibration criteria include a water mass balance, groundwater discharge to streams (i.e., 
gain or loss), and, if the model is a three dimensional one, vertical and horizontal head 
distributions in all layers. 
 
There is no textbook definition of what constitutes an "acceptable" match between 
simulated and measured data.  Simulated data will rarely exactly match measured data, 
however, the difference between the two should be minimized.  Two methods of 
comparing simulated to measured data are to calculate the absolute average difference 
(AAD) or to calculate a standard deviation and root mean square error (RMSE) for all the 
data.  If the standard deviation and the RMSE is small or if the AAD is small, then the 
calibration is considered acceptable with the following exception. 
 
There will invariably be outliers, that is, locations or nodes where the difference between 
simulated and field data is substantial.  If those nodes are in central areas of the model 
where predicting heads for future scenarios is desired, then the model calibration should 
not be considered "acceptable".  If, however, those nodes are distant from where 
forecasting information is sought (e.g., a till upland region adjacent to the aquifer), then 
this difference often times will have little impact on the modeling results. 
 
A word of caution against too finely tuning a model may be justified here.  A more 
generalized model that calibrates reasonably well may be more valid than one in which the 
RMSE is very small, but its parameters have been very finely tuned in areas where there 
is no field data to verify that these changes are warranted. 
 
Also, care must be taken when constructing the model using interior constant head nodes. 
A river or lake that is large enough and in good hydraulic communication with the aquifer 
may be represented with a series of constant head nodes.  However, if a water body is 
shallow and susceptible to large fluctuations in water level elevation, constant head nodes 
may not be the best representation. 
 
A detailed log of the adjustments that have been made to the input data during the 
calibration process should be maintained.  This will provide a record of the modifications 
made to the original entries and should help to avoid repeating calibration runs.  During 
the calibration phase, the modifications should be checked against the original conceptual 
model to ensure that the model is still representative of the physical system.  It is easy to 
stray from the original concept of the system during the calibration process. 
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The reliability of the model is related to the accuracy with which the model simulates field 
conditions.  It is important to keep in mind, however, that just because the model 
reproduces one set of field conditions does not mean that it is valid.  Modification of 
different sets of parameters can produce similar solutions.  Consequently, the calibration 
of the model must be performed systematically and with a good understanding of the site 
conditions.  For a particular site, given the proper assumptions, additional field data will 
often improve the accuracy of the model.  Many times it is necessary to perform additional 
field work to fill in data gaps before an accurate model is obtained.  The decision to obtain 
further data must include a careful weighing of benefit to the model (reflecting model 
goals) and cost and time involved in obtaining the additional data. 
 
7.5-2 Model Validation 
 
Upon conclusion of the calibration process, the model should be run with a different set of 
initial conditions produced by a different set of stresses than the initial calibration (e.g. high 
vs. low water table or pumping vs. non-pumping conditions).  Because of the non-
uniqueness of the solution, the model should be validated with as many sets of initial 
conditions as may exist prior to using the model for any forecasting.  Preferably, data 
should be collected at periods of seasonally high and low water tables in order to reflect 
seasonal fluctuations in recharge and surface and groundwater conditions.  Confidence in 
the reliability of the modeling predictions can only increase as a result of this exercise 
although no model can ever be fully validated.  See Van der Heijde (1986) for a more 
detailed description of validation procedures. 
 
7.5-3 Sensitivity Analysis 
 
Once a model has been calibrated and validated, a sensitivity analysis should be 
performed on the model.  This is accomplished by varying the values of input parameters 
where there is little field control and evaluating the resultant distribution in heads.  If the 
model is very sensitive to reasonable changes in a parameter value (e.g., transmissivity, 
recharge, leakage), then caution should be exercised in interpreting results from the 
model, particularly under applied stresses differing from calibration conditions.  Depending 
upon the importance of the forecasting capability of the model, (i.e., does the possible 
range of outcomes preclude adequate selection of alternatives or prediction of impacts), 
more field work may be required to decrease the uncertainty of the model in that area.   
 
If the area where the uncertainty exists is in a remote part of the modeled area, 
determining more precise physical conditions may not be necessary.  Leakage from or to 
a stream, however, may greatly alter head levels in an adjacent production well and 
hydrogeologic data will need to be more accurately quantified in that area.  A sound 
conceptual model will aid in identifying sensitive areas early on in the program. 
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7.5-4 Forecasting 
 
Upon completion of the calibration and verification procedures and at the conclusion of 
performing the sensitivity analysis, the model can be used to simulate past, current, and/or 
future conditions.  One advantage of a numerical model is that, once calibrated, it can be 
used to simulate a variety of situations.  A flow model can be used to predict the response 
of an aquifer to conditions of average or excessive recharge or to a drought.  If a model is 
being used for long-term planning and prediction, it should be periodically recalibrated as 
new data becomes available.  Caution should be exercised in attempting to use the model 
under conditions much different than those under which it was formulated and 
calibrated/validated. 
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7.6  REPORTING MODEL RESULTS 
 
7.6-1 Presentation of Results 
 
An important but often overlooked aspect in the use of groundwater models is the proper 
presentation of modeling results.  In order to present modeling results in a systematic, 
clear and effective fashion, the following format is suggested.  This format is an adaptation 
of the DEP Division of Water Supply's published Policy 87-12, "Quality Assurance for 
Groundwater Modeling". 
 
7.6-2 Purpose 
 
State the purpose, goals, and objectives of the modeling effort. 
 
7.6-3 Conceptual Model 
 
Develop and present a conceptual model of the aquifer system and, if applicable, the 
contamination problem of concern (i.e, existing distribution of contaminants and source 
characteristics).  This should include cross-sections and maps of the geology and 
hydrology of the aquifer at an appropriate scale, including maps of the areal extent of the 
aquifer and if applicable, distribution of contamination, saturated thickness, water table 
and boundary conditions maps.  Present pertinent available data with a discussion of their 
deficiencies. 
 
7.6-4 Data Collection 
 
Explain how, when, and by whom the data were collected, analyzed, and interpreted.  
Exploration methods and data-analysis techniques should be presented.  The level of 
confidence in resulting parameter identification should be described.  Describe how model 
results may be limited or restricted by the lack of knowledge about key aspects of the 
hydrogeologic system. 
 
7.6-5 Model Description 
 
Document the groundwater flow and contaminant transport model (software) that is being 
utilized.  Include such information as the model name, its author(s) and the purpose for 
which the software was developed.  The use of well documented and tested software is 
recommended over the use of custom or altered software.  If an altered code is utilized, it 
should be thoroughly tested against a variety of known analytical solutions.  The 
documentation must include the governing equation(s) being solved. 
 
Explain why the model being utilized was chosen.  All simplifying assumptions inherent to 
the application of the model should be stated and justified, as well as the impact these 
assumptions may have on model results.  A comparison between these assumptions and 
actual conditions should be made.  Describe where model assumptions and actual field 
conditions do not coincide and how this may affect model results. 
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7.6-6 Assignment of Model Parameters 
 
All initial conditions, boundary conditions, hydraulic and transport parameter values should 
be defined and the reasons for selecting these conditions justified.  The values assigned 
throughout the modeled area should be presented.  The area covered by the model 
should be presented as an overlay on a topographic base map of appropriate scale, 
highlighting boundary conditions and hydraulic parameter values. 
 
7.6-7 Model Calibration 
 
Model calibration goals and procedures should be presented and discussed.  The results 
of the final calibration run should be presented and analyzed and departure from the 
calibration targets analyzed.  The effects of these departures on the model results should 
also be discussed. 
 
7.6-8 Model Validation 
 
If model validation has been performed, its goals and procedures should be presented and 
discussed.  The results of the validation run should be presented and analyzed.   
Important points include departure from the validation targets and the significance of these 
departures.  Present and discuss the overall model water and chemical balance, 
highlighting salient features of the model scenario (e.g., pumpage, recharge, leakage, or 
boundary conditions).  Ideally, the validation should consist of a single run (per validation 
data set).  If the validation run is not successful, but information is obtained of a suitable 
nature, it may lead to re-evaluation of the conceptual model and possible changes and 
further calibration. 
 
7.6-9 Sensitivity Analysis 
 
Model sensitivity analysis should be presented and interpreted.  Determine what 
parameters of the model have the greatest influence on the model results.  The analysis 
should focus on those parameters that utilize the least certain assumptions.  Also indicate, 
on the basis of the sensitivity analysis, what the emphasis of future data collection efforts 
should be best to improve the model. 
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7.6-10 Data Preprocessing and Postprocessing 
 
All preprocessing of model input data must be thoroughly described.  Special precautions 
to avoid data input error must be applied and described.  All postprocessing of model 
output data must be thoroughly described and any computer codes utilized must be 
documented.  Note vertical exaggeration in any computer-generated cross-sections. 
 
7.6-11 Model Prediction 
 
The model output from all predictive scenarios should be presented and interpreted.  
Present and discuss the overall model water balance for each specific forecasting 
scenario.  Show results in terms of new head distributions, rates of groundwater  
discharge, distribution of concentrations, and so forth.  Discuss how model sensitivity and 
uncertainty could affect the predicted results. 
 
7.6.12 Model Results 
 
The physical reality of the model should be discussed (i.e., how well does the model 
represent the physical and chemical processes of the environment being simulated?).  
Restate the fundamental assumptions in the presentation of the model predictions.  Note if 
the model results support the initial assumptions described in Section 7-7.4. 
 
The model results should be presented both in technical and non-technical (i.e., layman's) 
terms.  Model results should also be qualified, for example: "Given conservative values, 
within the range of expected variation, the model results show..." or "Given less 
conservative values within the range of expected variation, the model results show...". 
 
7.6-13 Model Records 
 
The modeler should provide/keep the following records on file in digital form: 
 
• The version of the source code utilized; 
 
• Input parameters, boundary and initial conditions; 
 
• The final calibration run (input and output files); and 
 
• All predictive runs (input and output files). 
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8.1  INTRODUCTION 
 
A geophysical survey is an indirect method of determining the state of the subsurface in 
the survey area.   By indirect, it is meant that the geophysical survey measures some 
physical property of the subsurface and uses the results to infer the material that caused 
it.   Like a blind person trying to identify an object without the benefit of sight, the 
geophysicist cannot directly observe the subsurface but must instead rely on other, less  
direct methods of data collection to make his/her determination as to its state.  
Variations in the electrical field (applied and ambient), gravity and magnetic potentials, 
and seismic wave velocities, amplitudes and frequencies are systematically measured to 
infer the structure and composition of the subsurface soil, rocks and groundwater.  Many 
geophysical methods produce results, which by themselves, cannot provide a definitive 
characterization of subsurface conditions; however, by using a combination of 
geophysical techniques (each of which measures a different physical property of the 
earth), the geophysicist can often eliminate incorrect possibilities to arrive at a correct 
interpretation. 
 
The usefulness of geophysical techniques for site characterization and the evaluation of 
contaminated sites have been well established during the past two decades.  
Determination of depths to both bedrock and the water table are routinely performed.  
Geophysical techniques are also used with great success to locate buried metal objects 
(barrels, tanks, pipes, trucks), certain migrating contaminant plumes, debris-filled 
trenches, determine the integrity of "cut off" slurry trenches, and trace the migration of 
contaminants through fractured bedrock. 
 
Geophysical investigations in environmental studies are best used to: 
 
o Characterize geologic conditions 
o Determine the source and extent of contamination problems 
o Optimize test pit and boring locations 
 
In many cases, the proper application of a geophysical investigation adds significant 
information and reduces the costs necessary to acquire the information required to 
determine effective site remediation and cleanup. The correlation of geophysical data 
methods, with borehole geologic and sampling data will usually provide the most 
meaningful results.  
 
The physical characteristics of a site which geophysics can help determine include: 
characterization of the types of overburden materials and thickness, as well as soil 
classification and permeability characterization of the types of bedrock and depth to 
bedrock; characterization of water table elevations, hydraulic gradients, groundwater 
flow direction; and identification and characterization of all other physical site 
characteristics such as buried utility lines, sewers, and water mains. 
 
Section 8.1 
Page 2 
November 1993 
In certain instances, geophysics can also be used to help identify the source and extent 
of release of contaminants by helping to establish:  the source(s) of releases of oil or 
hazardous material; the horizontal and vertical extent and (relative) concentrations of 
certain oil or hazardous materials in some media; the estimated volume of contaminated 
soil and  (ground) water; some of the existing and potential soil and groundwater 
pathways; and the existence of certain plume(s)  of oil or hazardous materials (ie,  
 
containing dissolved ionic contaminants) in the groundwater and the potential migration 
of the plume. 
 
It should be noted that results of geophysical site investigations alone, rarely provide 
complete answers to the data requirements of an environmental investigation.  An 
intrusive (e.g., soil boring) program is usually necessary to supplement a geophysical 
program.  Results of the geophysical program, however, can minimize the number of 
borings necessary by optimizing their placement.  In return, the borings provide 
important data that can be used to refine geophysical interpretations and results. 
Geophysical methods can provide accurate and inexpensive (in comparison with 
conventional intrusive techniques) measurements of average subsurface conditions over 
large areas, while borings provide detailed information for a limited area.   A combined 
geophysical survey/boring program is therefore often the most cost-effective system for 
the complete analysis of site conditions. 
 
8.1-1       Document Structure 
 
This document has been divided into 3 sections and are as follows: 
 
o 8.I   Introduction 
o 8.2   Synopsis of Geophysical Investigation Methods 
o 8.3   Borehole Geophysical Methods 
 
Section 8.2 is a synopsis of the geophysical techniques (excluding marine geophysical 
methods), which are covered in greater detail in the MADEP publication:  Standard 
References for Geophysical Investigations. 
 
The entire Chapter 10 of the Standard References for Geophysical Investigations (WSC 
94-311) has been included as Section 8.3 of this document.  Chapter 10 was included in 
its entirety to increase the utility of this document as a reference document, since this 
chapter covers the suite of geophysical techniques that are commonly used in the 
investigation of subsurface conditions using soil borings and monitoring wells as 
measurement media. 
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8.1-2 Background Reference Materials 
 
The reader is referred to the 1994 MADEP Publication:  Standard References for 
Geophysical Investigations, WSC 94-311, for a more complete explanation of the 
methods briefly described in the following section.  A comprehensive discussion of 
geophysical methods and their application to groundwater problems is included in the 
1985 Electric Power Research Institute's Groundwater Manual for the Electric Utility 
Industry, Volume 3, Groundwater Investigation and Mitigation Techniques, Section 3. 
 
Another useful document providing a broad non-technical overview is a compilation 
entitled "Geophysical Techniques for Sensing Buried Waste and Waste Migration," by 
Benson et al.  (1987).   Additional sources of information for specific methods are 
referenced in the discussions of each geophysical method.  Texts that generally discuss 
the applicable geophysical techniques include Dobrin  (1976), Telford et al.  (1976, 
Mooney (1977), U.S. Army Corps of Engineers (1979), Grant and West (1965), 
and Griffiths and King (1981).
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8.2  SYNOPSIS OF GEOPHYSICAL INVESTIGATION METHODS 
 
The following are synopses of the geophysical methods described in the MADEP 
publication entitled: Standard References for Geophysical Investigations, WSC 94-311. 
This section and the accompanying Table 8.2-1 offer a brief overview of the various 
methods.  The reader is encouraged to consult the aforementioned publication for a 
more detailed discussion of the methodologies. 
 
8.2-1 SEISMIC METHODS 
 
8.2-1.1 Operating Principle 
 
The seismic methods of geophysical exploration are active (manmade energy sources 
are used) techniques used to characterize subsurface geology.  These methods are an 
indirect means of determining the type and thicknesses of the various materials 
underlying a site.  The general principle of seismic surveying is that dissimilar 
subsurface materials can be determined by the differences in their respective physical 
properties.  Each material has a unique set of physical properties, which affect the 
amplitude and velocity of seismic waves traveling through them.  Seismic surveys are 
conducted by inducing seismic energy into the subsurface and measuring the resultant 
velocity and amplitude of the seismic waves by detectors located on the ground surface.  
The resultant data can be used to infer the types of material present in the subsurface. 
 
There are two basic methods of seismic surveying: reflection and refraction.  The basic 
methodology for these seismic techniques consists of actively generating waves in the 
ground and detecting them at ground surface after they have either reflected or refracted 
off of subsurface layers.  The energy (seismic waves) is generated by various means 
such as weight drops, explosives, mechanical sources, sledge hammers, etc.   
 
Electromechanical transducers (which turn ground motion into electricity), called 
geophones, are used to detect the arrival time and amplitude of the induced ground 
motion.  Arrays of geophones, called seismic spreads, are connected by electrically 
conductive cables to the seismograph, which processes and records the collected data.  
Recordings are made with either analog or digital seismographs.  Preliminary data 
evaluation can usually be performed in the field with analog recordings.  Playbacks of 
digital recordings are performed in the office for final data processing and report 
preparations. 
 
Seismic refraction is by far the most prevalent method used in the shallow subsurface 
studies  (less than 300 feet) employed during environmental investigations in 
Massachusetts and New England. 
 
 8.2-1.2      Applications 
 
Seismic refraction surveys can be employed to: delineate the types and thicknesses of 
geologic materials; determine depth to groundwater; correlate stratigraphy across a 
study area (in conjunction with test pit and/or boring log data); detect sinkholes and 
cavities; detect bedrock fracture zones; determine extent of landfills; and determine 
extent of filled areas such as reclaimed quarries. 
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When a seismic refraction survey is performed prior to an intrusive field investigation, the 
data can be used to help determine the number, distribution, and depth of test pits, 
borings, and monitoring wells. 
 
When a seismic refraction survey is performed after intrusive field investigation, the use 
of physical data to calibrate refraction data allows the interpolation of subsurface 
conditions across large areas with a great degree of confidence.  Intrusive field data can 
also be used to refine the interpretations of seismic data, which had been collected prior 
to the start of the intrusive field program. 
 
For larger investigations, especially those that require the delineation of bedrock 
competence and topography (DNAPL investigations), the combined use of seismic 
refraction with conventional investigative techniques can often result in a higher level of 
data volume and quality, while providing a considerable savings of time and money for 
the project. 
 
8.2-1.3     Limitations 
 
Seismic refraction does have limitations.  The first is cost.  Seismic refraction surveys 
cost between $2,000 and $4,000 per day.  For smaller investigations, which might only 
require the installation of a few soil borings and water table monitoring wells, it probably 
would not prove cost effective to employ seismic refraction.  Seismic refraction surveys 
by nature are sensitive to ground vibrations.   Unfortunately, many human activities, 
including vehicle traffic, construction, and manufacturing, can create noise (unwanted 
ground vibrations) which can make collection of wanted data in a particular area difficult 
if not impossible.  Seismic refraction surveying is seasonal.   Frozen ground conditions 
make data collection difficult if not impossible.  Interpretation of seismic refraction data is 
often non-unique.  Some measured velocity values readily correlate with specific 
geologic materials such as massive, intact bedrock.  Other velocity values, however, do 
not correspond to a unique interpretation of the nature of the materials surveyed and 
require correlation with soil borings or test pits for exact determination of the conditions 
and types of geologic layering. 
 
8.2-2    RESISTIVITY METHOD 
 
8.2-2-1  Operating Principle 
 
Electrical resistivity surveying is an active geophysical technique that involves applying 
an electrical current to the earth and measuring the subsequent electrical response at 
the ground surface in order to determine physical properties of subsurface materials.  
The general principle of resistivity testing is that dissimilar subsurface materials can be 
identified by the differences in their respective electrical potentials.  Differences in 
electrical potentials of materials are determined by the application of a known amount of 
electric current to these materials and the measurement of the induced voltage 
potentials.  Ohm's law states that the voltage (V) of an electric circuit is equal to the 
electric current (I) times the resistivity (R) of the medium (V-IR).  Resistivity surveys are 
conducted by: 1) applying a known amount of electric current (I) to the earth; 2) 
measuring the induced voltage (V) ; and, using these two measurements, 3) determining 
the resistivity (R) of the volume of earth being surveyed. 
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Resistivity methods usually require that both current inducing and measurement 
electrodes to be pushed or driven into the ground.   With connecting wires from the 
instruments to the electrodes, electrical current is introduced into the ground using the 
current electrodes and resistivity measurements are performed using different  
measurement electrode configurations and spacings.  There are a number of 
standardized testing procedures, some of which are described in detail in this section. 
 
Resistivity surveys identify geoelectric layers rather than geologic ones.  A geoelectric  
layer is a layer that exhibits a similar electric resistivity response.   A geoelectric layer 
can, but does not always, correspond to a geologic one.  For example, an isotropic 
homogeneous sand, which is saturated with a fluid exhibiting a single conductivity 
response, will appear to be a single geoelectric layer.  The same sand, if filled with fluid 
layers containing different conductivities, (i.e., salinities) will appear to be more than one 
geoelectric layer.  The interpretation of resistivity data is therefore best made in 
conjunction with other geophysical techniques  (i.e., seismic refraction) or conventional 
subsurface investigations (i.e., soil borings). 
 
8.2-2.2 Applications 
 
Historically, resistivity surveys have been used for a number of geologic mapping 
objectives, including groundwater detection, sand and gravel mapping, 
bedrock depth  determination, and  other  classic  geologic exploration 
exercises.  At present, these methods are commonly used to evaluate 
subsurface conditions as they relate to hazardous waste issues. 
 
Resistivity measurements are commonly used to delineate either changes in resistivity 
with depth or lateral variations in resistivity.   These applications are known respectively 
as: 
o Vertical electrical soundings (VES) 
o Horizontal profiling 
 
VES surveys, which determine vertical resistivity changes, employ variable electrode 
spacings.   VES surveys are used to identify geoelectrical layering in soil and rock.  
These data are often used to identify:  the groundwater table; clay layers; the bedrock 
surface; and to select optimum electrode spacings for horizontal profiling surveys. 
 
For horizontal profiling, which determines lateral resistivity changes at a fixed depth of 
investigation, the current measurement electrode spacings are kept constant.   
Horizontal profiling is used to identify lateral resistivity variations in a survey area.  
Horizontal profiling can be used to detect conductive groundwater plumes (ie landfill 
leachate), landfill limits, geologic contacts, and sink holes  (often present in limestone 
lithology). 
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Electromagnetic induction (EM) survey methods have generally supplanted resistivity 
surveys as the method of choice for shallow horizontal resistivity profiling because of 
EM's ease of use and increased data collection speed.  Resistivity methods, however, 
provide better vertical resolution and are therefore superior to most EM methods for 
vertical resistivity profiling and for deeper horizontal resistivity profiling. Resistivity may  
 
also be applicable at sites where interferences from surface metal objects (e.g., fences) 
and/or power lines make the use of EM surveys impractical. 
 
8-2-2.3 Limitations 
 
Resistivity surveying methods can be carried out only in media that are neither 
extraordinarily conductive nor resistive.  Cultural interference (from powerlines, 
pipelines, and metal fences) is another serious limitation of resistivity surveying.  Thin 
layers, or targets of limited lateral extent, may be undetectable because the measured 
potentials integrate the effects of a large volume of material.   Because this technique 
measures geoelectric layers rather than geologic ones, the solution is non-unique.   
Therefore, in the absence of correlating data (e.g. boring logs) incorrect stratigraphic 
conclusions can be drawn.  Differentiation between highly conductive materials (i.e., clay 
or salt water versus contamination plumes) may not be possible.  A resistivity horizontal 
profiling survey is more labor intensive and time consuming than an EM survey. 
 
8.2-3 SELF-POTENTIAL METHOD 
 
8-2-3. 1    Operating Principle 
 
The self-potential (SP) survey method is a passive geophysical technique that measures 
extremely small, naturally occurring voltage variations in the earth.  The technique is 
based on the observation that when certain materials are in contact with either a 
different material (e.g., buried iron next to buried copper) or a localized change in the 
condition of the same material (e.g., interface of saturated and unsaturated condition), 
an electrical current is created.  This current is readily detectable with inexpensive, 
portable voltage measuring instrumentation. 
 
The technique is simple to operate, consisting of a series of measurements of electric 
potential (voltage) across two electrodes that are in contact with the ground and spaced 
at varying distances. 
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8.2-3.2 Applications 
 
The most relevant application of this method to environmental investigations is the 
tracing of shallow leachate seepage zones when such zones are known to exist. 
 
8.2-3.3 Limitations 
 
Given the small size of the naturally occurring voltage differentials  (measured in 
thousandths of volts), the SP method is extremely sensitive to man-made electrical 
interferences.   
 
Although the technique is receiving increased attention for groundwater 
contamination assessment,  the reliability and applicability of this methodology are 
inconclusive at this time. 
 
 
 
8.2-4 ELECTROMAGNETIC INDUCTION METHOD 
 
8.2-4.1 Overview 
 
Electromagnetic Induction (EM) methods are non-destructive geophysical techniques for 
measuring the apparent conductivity of subsurface materials.   As with resistivity 
surveys, the general principal of EM surveys is that dissimilar subsurface materials can 
be identified by the differences in their respective electrical responses to the introduction 
of an electrical stimulus.   There are two basic types of EM surveys, terrain conductivity 
and Very Long Frequency (VLF).  Each survey method is explained below.  Terrain 
conductivity, given its broader applicability and usage in environmental studies, is 
explained in greater detail. 
 
8-2-4.1.1 Terrain Conductivity - Operating Principle 
 
Terrain conductivity surveys employ the same operating principals as conventional  
resistivity surveys (Section  4), but differ from a resistivity survey in the manner with 
which an electrical stimulus is introduced to the earth.  The terrain conductivity method 
of EM surveying is an active geophysical technique that involves "inducing" an electric 
current in the subsurface and measuring the subsequent electrical response at  the  
ground surface to characterize the physical properties of subsurface materials.  In 
contrast, resistivity surveys directly apply an electrical current to the ground using 
current electrodes and measure the resultant voltage potential using measurement 
electrodes. The resistivity method requires that electrodes are driven into the ground 
and connected with wires at each survey point.  Terrain conductivity surveys employ a 
transmitting coil, which is not directly coupled to the earth, to remotely induce a voltage 
potential in the ground and a remote receiving coil to measure a secondary current 
created by the effect of the induced voltage in a conductive medium. 
 
The name "terrain conductivity" stems from the different manner (with respect to 
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resistivity surveys) with which terrain conductivity measures the electrical properties of 
the materials investigated.  The resistivity method directly applies a current  (I) to the 
ground, measures the resultant voltage (V), and calculates the resistivity (R) of the 
material measured (given that V=IR).   Terrain conductivity surveys use a known 
current  (I), passed through a transmitting coil to create an electromagnetic field which 
induces a voltage (V) in the ground.  If the ground material is conductive, then a 
secondary (induced) electromagnetic field will be created.  The terrain conductivity 
receiving coil measures the currents (I) created by the primary (transmitted) 
electromagnetic field and the secondary (induced) electromagnetic field.  The ratio of 
these two currents is proportional to the conductivity (which is the inverse of resistivity,  
R) of the material being surveyed.   (A more complete explanation of the inductive 
measurement theory is presented below in the Introduction.) 
 
Terrain conductivity surveys identify geoelectric layers rather than geologic ones.  A 
geoelectric layer is a layer that exhibits a similar electric resistivity response.   A 
geoelectric layer can, but does not always, correspond to a geologic one.    For 
example, an isotropic homogeneous sand, which is saturated with a fluid exhibiting a 
single conductivity response, will appear to be a single geoelectric layer.  The 
same sand,  if filled with fluid layers containing different conductivities,  (i.e. salinities)  
will appear to be more than one geoelectric layer.  The interpretation of terrain 
conductivity data is therefore best made in conjunction with other geophysical 
techniques  (i.e., seismic refraction) or conventional subsurface investigations 
(i.e., soil borings). 
 
8-2-4.1.2 Terrain Conductivity Applications 
 
Common applications for terrain conductivity surveys include: conductive contaminant  
plume mapping; locating buried metallic objects and identifying landfill boundaries. 
 
EM measurements are commonly used to delineate either changes in conductivity with 
depth or lateral variations in resistivity.   These applications are known respectively as: 
 
o Vertical electrical soundings (VES) 
o Horizontal profiling 
 
VES surveys, which determine vertical conductivity changes, are best conducted with 
instruments that allow variable coil spacings (e.g., Geonics EM 34).  A limited (by depth 
of investigation) VES survey can also be conducted using a fixed coil spacing instrument 
(e.g., Geonics EM-31) by altering the orientation (turning on its side) of the measuring 
equipment.  VES surveys are used to identify geoelectrical layering in soil and rock.   
These data are often used to identify the groundwater table, clay layers, and the bedrock 
surface. 
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For horizontal profiling, which determines lateral resistivity changes at a fixed depth of 
investigation, the current measurement coil spacings are kept constant.  A fixed coil 
spacing instrument can be operated by one person and is well suited for horizontal 
profiling.  Horizontal profiling is used to identify lateral resistivity variations in a survey 
area.  Horizontal profiling can be used to detect conductive groundwater plumes, 
landfill limits, geologic contacts, and sink holes  (often present in limestone lithology). 
 
As with other geophysical techniques, the effectiveness of terrain conductivity  
interpretation is increased by correlation with other geophysical  techniques.    For 
example, the combination of terrain conductivity and magnetometry surveys (Section  8)  
is ideal for a combination of location of buried drums, while the combined use of terrain 
conductivity and seismic surveys (Section 3) will effectively differentiate between 
conductive contaminant plumes and landfill boundaries. 
 
The terrain conductivity survey method is non intrusive and can be conducted at a more 
rapid pace (and less expensively) than conventional resistivity surveys.  The portable 
instrument requires only a one or two person field party.  Measured conductivity values 
can be observed during data acquisition, and yield immediate preliminary information for 
an experienced operator.   For this reason, terrain conductivity survey methods have 
generally supplemented resistivity surveys as the method of choice for shallow 
horizontal profiling of the subsurface. 
 
8-2-4.1.3  Terrain Conductivity Limitations 
 
Limitations of the terrain conductivity method include the following.  The instrument is 
effective for only a limited dynamic range (1 to 1,0-00 millimho/meter) of soil and 
conductivities.   Terrain conductivity is sensitive to the presence of other EM fields, such 
as those associated with power lines and/or the presence of highly conductive objects, 
such as metal fences.   Terrain conductivity has less vertical resolution than 
conventional resistivity surveys.  The limited strength of the terrain conductivity 
transmitter signal, due to battery and coil size constraints (a compromise to portability), 
limits the instrument penetration to shallower depths that conventional resistivity 
surveys.   Even simple stratigraphic layering cannot be distinguished without complex 
application and interpretation. 
 
8.2-4.1.4 VLF - Operating Principle 
 
The VLF survey method is an EM prospecting technique based on the principle of radio 
wave transmission and reception.  The VLF method does not employ an operator 
induced electromagnetic field, but instead utilizes low frequency transmissions from a 
submarine communications network established and maintained by the U.S. Navy as a 
power source. 
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VLF signals are transmitted by vertical radio antennae several hundred feet high with 
signal outputs ranging from 300 to 1,000 kWatts.   The effective range of these 
transmitters as a VLF survey power source is on the order of thousands of miles.  (It 
should be noted that a site must be a minimum of 50 miles from a transmitter for this 
technique to be effective.)  A worldwide network of VLF stations has been established in 
such varied locations as Bordeaux. France (15.1 kHz), Moscow, USSR (17.1 kHz), and 
Cutler, Maine (24.0 kHz). 
 
The field emitted by VLF antennae is horizontal, and its magnetic lines comprise 
concentric rings that "ripple" out from the transmitter.  When this magnetic field 
encounters an electrically conductive structure on the surface or underground, weak 
secondary currents are generated around the structure.  These currents create a 
secondary magnetic field. 
 
VLF can detect long conductors such as electric cables, pipelines, and certain bedrock 
fractures.  In order for the VLF method to be effective in detecting underground geologic 
structures, the structure must have:  1) the direction of its long axis within 30 degrees 
relative to a line tangent to the concentric rings that "ripple" from the transmitter (to 
initiate induction); 2) minimum dimensions of approximately 50 meters in length, 10 
meters in depth, and about one meter in thickness; 3) a dip angle not less than 30 
degrees from horizontal; and 4) higher electrical conductivity than the surrounding 
material. 
 
Unlike terrain conductivity, the depth of VLF penetration is not a function of coil spacing, 
but rather the resistivity of the materials surveyed.  Depth of penetration of VLF signals 
is directly proportional to (varies by approximately four times the square root of) the 
material's resistivity.   For example, VLF signals propagating through granite  (a highly 
resistive material) can penetrate to depths greater than 300 meters.   However, a 
material such as salt water may limit depth of penetration to one to five meters. 
 
8.2-4.1.5 VLF -  Applications 
 
The VLF receiver measures the current density due to the primary (transmitted) and 
secondary (induced) magnetic fields.  From these measurements, structures such as 
water-saturated fracture zones, metallic ore bodies, mineralized zones, and long 
conductors such as electric cables or pipelines may be detected.  The ability to 
detect water-filled bedrock fracture zones makes this type of survey method useful 
for bedrock water supply development and for site investigations that involve bedrock 
contamination. 
 
8.2-4.1.6 VLF – Disadvantages 
 
The VLF survey operator has no control over power source - VLF transmitters are 
sometimes turned off for maintenance.   Even when the transmitters are operating, the 
orientation (both strike and dip) of the object surveyed to the power source  (which the 
operator also has no control over) will affect the success of the survey. 
 
VLF data interpretation is difficult - VLF data does not provide data that can be directly 
Section 8.2 
Page 9 
November 1993 
related to subsurface conductivity.  Interpretation is more subjective and therefore relies 
heavily on operator experience.   
 
VLF survey limitations are:  susceptibility to surface anthropogenic interferences (e.g., 
fences, automobiles, power lines).   The effective depth of VLF investigation is extremely 
reduced in areas that contain shallow material of high conductivity. 
 
8.2-5         GROUND PENETRATING RADAR (GPR) 
 
8.2-5.1 Operating Principle 
 
Ground penetrating radar  (GPR) is an active geophysical system that transmits high 
frequency (80-1,000 MHz) electromagnetic waves (radar energy) into the ground and 
records the energy reflected back to the surface.  It is a reflection technique similar to 
the single-trace seismic reflection method commonly used in marine subbottom profiling.  
The two techniques differ in that the seismic method uses audio frequency sound 
waves, while the radar method uses electromagnetic waves. 
 
GPR is a continuous profiling method that transmits radar energy into the ground and 
records the radar energy reflected back by subsurface objects or layers.  GPR is useful 
when a rapid survey with detailed vertical and horizontal control is desired.  A GPR 
survey produces a graphic cross-sectional view of earth stratigraphy and targets (i.e., 
drums, pipelines, utilities, boulders, etc.) below the ground surface.   Under optimum 
conditions, this method can be effective to depths of 70 feet (using commercially 
available equipment), although depth penetration is core often limited to the range of ten 
feet or less below ground surface. 
 
8.2-5.2 Applications 
 
GPR has been used to locate: underground storage tanks; underground pipes; buried 
drums; buried foundations; voids in rock and concrete; buried archaeological artifacts, 
excavations, filled pits and lagoons, and numerous other site specific applications and 
lithologic contacts.  GPR can also be used to determine: stratigraphy; depth to the water 
table; and depth to bedrock.  GPR has also been successfully used to delineate the 
lateral extent of contaminant plumes. 
 
8.2-5.3      GPR Limitations 
 
The limitations of GPR include the following.  GPR survey lines must be cleared to 
ground level (e.g., may require cutting of brush and/or removal of obstructions).  The 
depth of GPR signal penetration is highly dependent on the materials present beneath 
the survey area (signal penetration in a saturated clay layer may be only a few inches).  
GPR interpretations are subjective, often requiring data corroboration using other 
geophysical methods and/or verification with borings or test pits. 
Section 8.2 
Page 10 
November 1993 
 
 
To maximize resolution and minimize scattering losses, survey lines must be as smooth 
as possible to prevent bouncing and jarring the radar antenna.   Survey lines cleared of 
debris also allow the antenna to be pulled at an even, continuous pace, permitting the 
easy determination of horizontal scale. 
 
The depth of GPR investigation at a site is limited by soil type and/or the presence of 
high "loss" materials.  Penetration of up to 75 feet has been reported for water-
saturated, clean sands in a Massachusetts glacial delta using a commercial antenna.  
Signal penetration in saturated clays, on the other hand, is on the order of magnitude of 
only a few inches.  In New England, the presence of glacial tills, and lacustrine and 
marine clays limit the depth of penetration.  Delineation of materials beneath a 
conductive layer may also not be possible. 
 
8.2-6 MAGNETIC METHODS 
 
8.2-6.1 Overview 
 
Magnetic surveying is a passive geophysical technique that measures the strength of 
the total magnetic field at any given point on the earth. The purpose of the magnetic 
survey in environmental investigations is to detect magnetic anomalies (variations in the 
expected field), which can be attributed to the presence of buried iron or steel objects. 
Magnetic surveys can also be used to locate bedrock fracture zones due to the fact 
that the hematite in fracture zones weathers to limonite, causing a change in magnetic 
signature. 
 
Magnetism can be "induced" into materials that have a high magnetic susceptibility.  
Magnetic susceptibility is defined as the ability of a material to acquire a magnetization 
in the presence of a magnetic field (in this case the Earth's).  The magnetic field induced 
is dependent upon the geometry, orientation, and magnetic properties of body, and the 
direction and intensity of the Earth's field.  In order to recognize a magnetic anomaly, it 
must be several times larger than the background noise level along that profile. 
 
Iron and steel (ferrous) objects have a high susceptibility and are therefore compatible 
with detection by magnetic survey methods.  Buried ferrous metal objects such as steel 
drums or tanks cause local variations or anomalies in the earth's magnetic field that can 
be detected by a magnetometer.  The size (amplitude) of this perturbation caused by the 
object is related to a number of factors such as the size of, distance to, and intensity of 
magnetization of the buried object. 
 
Other non-ferrous metals, such as brass, copper, and aluminum, have low magnetic 
susceptibility and, therefore, will not be detected by a magnetic survey. 
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An instrument called a magnetometer is used in the performance of magnetic surveys.  
The magnetometer is used to determine the direction, gradient, and intensity of the total 
magnetic field.  Various forms of magnetometers are used in land, airborne and marine 
type operations.  The land instruments are lightweight and portable, and measurements 
are readily accomplished by a one- or two-person field party. 
 
8-2-6.2 Applications 
 
Magnetic surveys, performed as part of environmental investigations, are nearly always 
used to detect induced magnetism in iron and steel objects such as buried drums, 
pipelines, and underground storage tanks (USTs).  The results of magnetic surveying 
can be used to direct excavation activities of buried drums and USTs. 
 
The results can also be used to direct the placement of both upgradient and 
downgradient monitoring wells (in conjunction with data regarding the known or inferred 
direction of groundwater flow) to facilitate the assessment of potential releases of 
contaminants from these objects on water quality. 
 
Magnetic surveys utilizing portable field magnetometers are relatively easy to perform 
and are usually the easiest to interpret with regard to siting drilling locations.  Magnetic 
surveys, however, are susceptible to interferences from manmade structures such as 
utilities, buildings, and fences. 
 
8-2-6.3 Limitations 
 
Limitations of the magnetic survey method include the following.   A magnetometer is 
susceptible to the interferences associated with the presence of other magnetic fields, 
such as those associated with power lines.   Also, since the strength of the induced 
magnetic field is a function of the susceptibility of the material surveyed, the presence of 
highly susceptible objects, such as metal fences, also creates unwanted interferences.  
An anomaly of interest must be several times larger than the background noise  (e.g., 
metal fences, remnant magnetism) to be detected.  Interpretation is non-unique given 
the inherent complexity of dipole behavior and the fact that a number of different types 
and configurations of sources can cause the same anomaly. 
 
8.2-7 GRAVITY METHOD 
 
8.2-7.1 Overview 
 
The gravity survey method is a passive geophysical technique that measures extremely 
small variations in the earth's gravitational field using a highly sensitive instrument.  In 
gravity exploration the variation in density of the surveyed area is the only significant 
factor.  Lateral variations in the distribution of mass in the earth's crust produce 
distortions or differences in the gravitational field.  Tectonics, faulting, erosion, 
deposition, and other geologic movement involving rock often result in lateral density 
variations in the subsurface rocks.  Measured gravitational differences are interpreted in 
terms of probable subsurface mass distributions, which are inferred from surface and 
near surface geologic conditions. 
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8.2-7.2 Applications 
 
The "microgravity" survey method produces data that allows more detailed or higher 
resolution interpretation than ordinary gravimetric measurements taken on a regional 
scale. 
 
Microgravity measurements can be used to detect the following conditions: joint and 
fracture zones; dissolutions; collapses: cavities; buried river channels; and fault scarps. 
The detailed resolution of the microgravity survey is more suited to the limited areal 
surveys associated with environmental investigations and may be useful to characterize 
sites prior to drilling test wells. 
 
The advantages of a gravity survey are that field work can be carried out by one to three 
persons in any accessible area, including highly developed urban and industrialized 
sites, over pavements, fills, landfills, on lake ice, and inside buildings.  Instrumentation is 
portable; the work can be silent and produce no visible disturbance to an environment 
other than stakes or other station markings.  The method lends itself well to areal 
coverage; contour maps of bedrock or other features have obvious advantages over 
information at points or along profiles. 
 
8.2-7.3 Limitations 
 
The sensitivity of the "Microgravity" instrumentation creates logistical problems including:  
a greater need for more detailed elevation data; a "quiet" site with regard to background 
vibrations that might affect the microgravimeter; as well as some inherent stability 
problems for the instrument itself. 
 
The other limitations of a gravity survey are that: applications are limited to mapping of 
density-dependent interfaces; accurate station locations and elevations are necessary; 
calibration with geological "knowns" such as outcrops, borings, or seismic profiles is 
necessary for quantitative work; and excessive topography, access problems, and 
certain bedrock complexities may seriously limit the accuracy of data interpretation. 
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8.3  BOREHOLE GEOPHYSICAL METHODS 
 
8.3-1. OVERVIEW 
 
Borehole geophysical surveys are designed to provide a continuous vertical profile of the 
soil, rock and water conditions immediately adjacent to the borehole.  Logging is 
accomplished by lowering probes into the borehole to measure the electrical, acoustical, 
or radioactive properties of the materials surrounding a borehole.  The surveys are non-
destructive and can often be run in existing boreholes, monitoring wells, and water wells 
with no modifications. 
 
Borehole geophysical methods are used primarily to characterize rocks, correlate 
overburden or rock units, and determine physical and hydrologic properties.  Table 8.3-1 
provides a listing of the applications for the methods described in this section.   Specific 
applications include determining porosity, locating clay layers, determining water quality, 
estimating permeability, and finding fracture zones and zones of water loss or gain.  
More detailed discussion of the theory and interpretation of the use of borehole 
geophysical methods in groundwater investigations is presented by Keys and MacCary 
(1971), Kwader (1982), and Collier and Alger (1988). 
 
The primary advantage of borehole methods is that they provide an unbiased, high 
density of measurements of soil, rock and water properties at precise depths.  Borehole 
methods are fast and generally unaffected by surface features such as power lines, 
buildings and railroad tracks.  Little data reduction is necessary before most logs can be 
interpreted; often, preliminary interpretations can be made as they are being run.  
Borehole logging is non-destructive and can often be run with no modifications in 
existing cased or uncased boreholes and in the screened and unscreened intervals of 
monitoring wells. 
 
Some borehole methods, such as the temperature log (a log is the printed display of the 
parameter being measured vs. the depth where the measurement is taken), the caliper 
log, and the flowmeter log are relatively simple to operate and the data recordings are 
easy to interpret. 
 
Other methods, such as logging with an active nuclear source and resistivity logging are 
much more complex for operation and/or for data interpretation.   Borehole geophysical 
logging using such methods is a technical specialty that requires complex electronic 
equipment to be operated according to exact design specifications.  Since no two 
boreholes exhibit the same geophysical response, and as responses can not be 
quantitatively validated during logging, the quality of a log depends strongly on the 
operator's experience and judgment. 
 
The radius of investigation for most probes is commonly less than one foot.   Depending 
on the permeability of the formation and the drilling techniques applied, the condition of 
materials investigated may be altered by the drilling method.  The borehole surveys may 
therefore provide only limited representation of true formation properties. 
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Borehole geophysical methods may not be cost-effective for typical environmental 
investigations in Massachusetts, where shallow overburden wells dominate.  Borehole 
geophysical methods are best suited for deep bedrock wells, where the information 
gathered will be most useful.  When natural in-situ conditions are present, and several 
deep boreholes are logged and correlated, often very large areas can be geologically 
characterized with a minimum of time and cost. 
 
8.3-2 INTRODUCTION    
 
Borehole geophysical techniques  (also called logging) are a group of active and passive 
geophysical methods used to provide detailed physical properties of soil, rock, and 
water.  The term "active" implies subjecting the area around and in the borehole to a 
stress (either electric, thermal, acoustic, etc.) in which a response can be measured 
(formation-penetrating methods), while  "passive" involves measuring only naturally 
occurring conditions (non-penetrating methods). 
 
Table 8.3-1 shows the array of available borehole techniques keyed to types of 
subsurface information desired and limitations posed by borehole conditions.   Many of 
the techniques are based on counterpart surface geophysical methods, adapted to the 
borehole environment. Typically, these adaptations include the reduction of equipment 
size (the probes for most techniques will fit inside a 2-inch diameter hole), reduction and 
standardization of the fixed source to receiver spacing (and sometimes a corresponding 
reduction in the depth of investigation), protection of probes from pressure and 
temperature effects, and interpretation of data with respect to vertical rather than 
horizontal changes. 
 
Borehole geophysical logging methods to be discussed are: 
 
o Downhole television camera 
 
o Caliper 
 
o Temperature 
 
o Electrical methods (Single-point-resistance, Normal resistivity, 
SP, Fluid resistivity, Electromagnetic/Induction) 
 
o Flowmeter 
 
o Acoustic methods (Velocity. Waveform, Acoustic televiewer) 
 
o Nuclear methods (Natural gamma. Neutron, Gamma-gamma) 
 
o Vertical seismic profiling 
 
Use of more than one logging technique is generally necessary to determine soil and 
water properties adjacent to the borehole.  Because each probe has a different 
response, these logs are interpreted by cross-comparisons to determine specific 
characteristics of interest.  For example, caliper, single-point resistance, acoustic and 
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thermal logs may be run as a suite to identify fracture zones in rock. 
 
 
 
 
8.3-2.1  Equipment 
 
Figure 8.3-1 shows a typical geophysical logging set up.  The surface and downhole 
equipment used in borehole geophysical surveys is connected by the logging cable.  The 
cable provides transmission of electrical power to the downhole probe and a return path 
for signals generated in the probe.  Cables are usually one- or four-conductor, insulated, 
wire-wrapped (shielded), and chemically stable. 
 
Equipment on the ground surface at the hole includes: 
 
o Power supply (AC or DC) 
o Instrument and probe controls (on/off, open/close caliper, scale 
setting) 
 
o Winch and depth counter 
o Signal receiving and conditioning circuits 
o Recorder and/or portable computer 
o Well head cable tripod or sheave 
Downhole equipment includes the measuring probe, which is connected to the cable by 
a threaded water-tight coupling.  Two or more logging methods can occasionally be 
performed with the same probe  (e.g., SP and normal resistivity).  Probes can be 
changed quickly so that a number of logs can be performed at one borehole with 
minimal down-time. 
 
Some logging systems are equipped with digital data acquisition systems connected to 
portable personal computers.  Data are sampled at regular intervals (usually six inches 
or one foot) and stored on magnetic tape or disk.   This setup is highly desirable 
because digital data can be manipulated easily for calculations or presentation.  
Although tedious, analog data can be digitized at the office using available digitizing 
hardware and software. 
 
8.3-2.2 Field Procedures 
 
Field procedures for logging generally consist of six steps, as outlined below: 
 
o Equipment setup and assembly 
 
o Verification (or calibration) of probe functions at surface 
 
o Downhole run and total depth determination 
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o Main run (uphole as appropriate) 
 
o Repeat run (if verification of anomalies warrants) 
o After-run calibration 
Calibration measures the probe's response to a known standard.  Checking the probe 
response against a known standard before and after a borehole survey ensures that the 
probe is operating and measuring correctly. After the probe response is calibrated, it is 
placed at the top of the borehole and the reference point of the probe is positioned at a 
reference elevation (usually ground surface or top of casing).  The depth counter is then 
set to either zero or ground zero and the probe is lowered to the bottom of the bole.  This 
process is known as depth calibration. 
 
It is customary practice to make a record of log response when lowering most probes to 
the bottom, although a formal depth-registered log is normally not necessary or practical.  
However, it is important that the downhole run document the extremes in order to 
choose the optimal instrument settings for the uphole run, during which a formal depth- 
registered log is made.  (Uphole and downhole recorded logs will not be identical for 
most geophysical probes because of probe design and delayed response in the direction 
of probe movement.) 
 
The temperature and fluid resistivity probes are run from top to bottom so that the water 
in the borehole is not mixed or displaced appreciably by moving the probe. All other 
geophysical surveys are recorded during probe ascent in the borehole so that constant 
logging speed and cable tension can be maintained. 
 
Once the probe reaches the bottom of the hole, the optimal instrument settings are 
activated, and the uphole log is made.  The footage dial reading on the winch is 
recorded on the field chart (analog recorder paper) at the exact point of pen stoppage at 
the top of the hole to verify depth calibration.  Agreement between pen and dial should 
be within 0.5 foot. 
 
Analog recordings are usually made at a vertical (depth) scale of one inch equals 10 
feet; however, a different scale may be used to show more detail, or less detail, if a 
digital recording is made simultaneously.  If the data are not digitally recorded, it is very 
important to select instrument settings that will result in nearly full chart-width pen 
fluctuation without reaching the margins of the chart paper.  Generally, one set of 
instrument settings can be selected to achieve this result for the entire depth logged.   All 
setting changes must be accurately documented on the chart (beside the change or in 
the header), if the log appears uncharacteristic or suspect, the probe calibration is 
checked.  A second complete or partial log should be made if any doubts persist 
concerning instrument/probe response.  
 
When contaminants are (or may be) present, the cable must be decontaminated as it is 
removed from the well.  When multiple logs are to be run in shallow wells, it is desirable 
and usually possible to set up the logger at a distance adequate to prevent the wet cable 
from wrapping on the spool between runs.  In this case, cable decontamination is 
needed only after the last probe is extracted.  A preliminary rinse should be performed 
while the cable is over the borehole.  One method for decontamination is to set up 
stations along the cable for washing and rinsing (for a more thorough discussion of 
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decontamination procedures, see Sections 3.3 and 6.5) as shown in Figure 8.3-1.   
Another method is to construct a jig to hold sponges and fluids for washing, or properly- 
attired field personnel can perform decontamination using spray bottles and sponges. 
 
Downhole probes that will be in direct contact with potentially contaminated soil and 
water must be decontaminated between logging runs.  Probes should also be thoroughly 
decontaminated, taking care to remove all contaminants from moving parts (e.g.. hinges 
on caliper arms).  Without decontamination, contaminants can be transferred onto the 
spool, contaminating the remainder of the cable or other boreholes. 
 
Borehole methods that employ the use of radioactive sources should only be used in 
boreholes that are either cased or completed in competent bedrock.  Operators of 
probes with radioactive sources must be certified and licensed by the United States 
Nuclear Regulatory Commission. 
 
8.3-3  PASSIVE BOREHOLE METHODS (NON-PENETRATING) 
 
8.3-3.1  Borehole Television Camera Surveys 
 
Although the borehole television camera is not technically a geophysical logging method, 
it is discussed in this section because of its usefulness in the investigation of open hole 
bedrock wells and the evaluation of casing integrity. 
 
8.3-3.1.1 Principles of Operation 
 
A borehole television camera survey can be made of any well or boring of appropriate 
diameter that is filled with clear water or air.  The camera, similar to a home video 
camera, is enclosed in a watertight, pressure-safe housing that contains a light source.  
A coaxial cable is attached to the camera and the light source.  The cable allows the 
transmission of power to the downhole instruments and the transmission of video signal 
from the camera.   Video signals sent up the coaxial cable are viewed on a television 
monitor at the surface.   The survey is also recorded on videotape to permit future 
analysis. 
 
8.3-3.1.2 Applications 
 
Borehole camera surveys are generally used for inspection of cased borehole sections.  
Camera surveys can reveal mechanical defects in casing such as: 
 
o Cracks, holes and splits 
o Oxidation (rust) of steel casing 
o Scaling by contaminants 
o Plugging of slots or screen 
In an open hole, the borehole camera can assist in determining rock type, layering, the 
pretence of fracturing, and hole integrity. 
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8.3-3.1.3 Equipment 
 
A number of borehole camera systems are commercially available.  These systems are 
generally composed of a downhole camera with light source, hand or light duty electric 
winch with coaxial cable, television monitor, camera control panel, and video tape 
recorder.     Manufacturers’ specifications and options, which may vary considerably 
among systems include: 
 
o Probe size (11/2-inch to 6-inch diameters are available) 
o Black-and-white or color recording capabilities 
o Size and quality of television monitor 
o Camera lens quality (amount of distortion) 
o Uphole remote controls (amount of light, focus, and aperture 
setting) 
 
o Text and depth printed on log (recording) 
Borehole cameras need a special coaxial cable for transmission of video data. 
 
8.3-3.1.4  Field Procedures 
 
Camera systems that do not have remote controls for adjustment of focus, amount of 
light or aperture must be lowered into the bole, checked for picture quality then removed 
and adjusted if necessary.  The camera system should be raised and lowered slowly in 
the borehole to avoid stirring up sediment that may have settled in slots, the screen, or 
on the bottom. 
 
8.3-3.1.5  Interpretation 
 
The visual inspection of a borehole or casing requires no special interpretation 
techniques. 
 
8.3-3.1.6  Advantages and Disadvantages 
 
The borehole camera can provide a very accurate picture of the mechanical condition of 
the boring and casing.  Small features such as open fractures and clogged slots and 
screens can be observed with this technique.          
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Resolution of the camera varies considerably between manufacturers.  The camera's 
resolution may not be high enough to show hairline fracturing. 
 
Water clarity is usually a limiting factor in the use of borehole camera surveys.  The 
possible effect of contaminants on the optical lens of the waterproof case should be 
considered before running a survey.  Also, the borehole camera cannot be attached to a 
standard one- or four-conductor logging cable like those used for electrical, nuclear or 
caliper logging. 
 
 
 
8.3-3.2  Caliper Logging 
 
8.3-3.2.1  Principles of Operation 
 
The caliper tool measures the diameter of the borehole.  Spring-loaded arms, hinged to 
the probe body at their upper end, press against the borehole wall.  The hinged end of 
the arm is connected to a variable resistor.  As the arm moves out (in an enlarged 
section of the borehole), the resistance is lowered and a larger voltage is sent to the 
recorder and displayed is a change in borehole diameter.  Figure 8.3-2 illustrates a 
three-arm and a four-arm caliper.  
 
8.3-3.2.2  Applications 
 
The caliper log is generally used to assess the variation in hole diameter for use in 
conjunction with other geophysical logging techniques that are sensitive to borehole size 
and smoothness e.g., gamma-gamma, neutron, acoustic velocity), when appropriate, 
caliper log data may be need to determine corrections to other logs.  Caliper logs can 
also be used to find fractures, solution channels, and vugs in hard rock, or to identify 
depths at which soft formations may be squeezing into the bole and substantially 
restricting other downhole testing. 
 
8.3-3.2.3  Equipment 
 
The most common and accurate of the caliper probes has three or four arms.  Probes 
with four arms provide two diameters (maximum and minimum).  The surface electronics 
contain opening and closing controls for the probe arms, as well as controls for 
calibration setting.   Both the three and four arm models are calibrated using two 
different size rings of known diameter. 
 
8.3-3.2.4  Field Procedures 
 
No information can be obtained on the downhole run because the arms will not function 
properly in this direction.  The caliper arms are opened at the bottom and a log is made 
pulling the probe uphole at a relatively slow rate of 8 to 15 feet per minute, in partially 
cased boles, the probe should be run in the casing to verify diameter calibration and 
chock for major casing breaks, if this information is desired. 
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8.3-3.2.5  Interpretation 
 
The interpretation of the caliper log is straightforward because the hole diameter is 
recorded directly in inches.  Three-arm calipers tend to show the maximum hole size, 
while four-arm calipers will also show minimum hole size.  Fractures, if they are non-
vertical, show as sudden increases in borehole size.  Fractures less than about 1/4 inch 
in aperture or those that intersect the borehole at a steep angle may not affect the 
position of the probe's arms, and go unrecognized. 
 
 8.3-3.2.6  Advantages and Disadvantages 
 
The caliper tool gives a good indication of the rugosity (degree of roughness) of the 
borehole.  Data are relatively staple to interpret and should always be run if logging an  
uncased borehole.  The probe requires inspection and possibly cleaning of arm hinges 
before using to prevent a loss of sensitivity to diameter changes. 
 
8.3-3-3  Temperature Logging 
 
8.3-3.3.1  Principles of Operation 
 
Temperature logging provides a vertical profile of temperature  (or differential 
temperature) in a water-filled borehole.  The probe is quite simple and features a 
thermistor (temperature-dependent resistor) mounted at its bottom end.  The voltage 
across the thermistor is sent to the uphole circuits, voltage readings are converted to 
counts per second (cps) and cps fluctuation versus depth are recorded directly on the 
log.  Each probe and surface electronics system has a laboratory-derived relationship 
between cps and temperature in degrees Celsius. 
 
A more sensitive version of the temperature log, called the differential temperature log, is 
a calculation of the change in temperature between two points in the borehole.  
Differential temperature probes may contain two thermistors a fixed distance apart, or 
may contain one thermistor and calculate temperature changes electronically by 
comparing the present reading to stored data from previous readings. 
 
8.3-3.3.2  Applications 
 
The temperature log is used to help identify the source and movement of water in the 
borehole.  The specific applications include: 
 
o Location of zones of water flow 
o Location of leaks in easing 
o Identification of discrete aquifers 
o Indication of permeability 
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Temperature logging can also be used to identify the location of cement outside the 
casing in a grouted hole if the probe is run within 24 hours of cementing. 
 
8.3-3.3.3  Equipment 
 
The equipment needed to run a temperature log includes a thermistor mounted on the 
end of the probe and protected by a thin metal cage, and a voltage-controlled recorder.   
The equipment is relatively simple to operate.   The typical temperature probe can 
resolve differences in temperature of 0.02°c, and high-resolution equipment can attain a 
precision of about 0.001°C. 
 
8.3-3.3.4  Field Procedures 
 
The temperature probe should be the first log run in a borehole if it is to be included in 
the investigative suite.  It should be run from top to bottom to avoid mixing of the water.  
It is especially important to run the differential temperature probe at a very slow and 
consistent speed (6 to 8 ft/minute is recommended) so that physical mixing of thermally 
stratified water will not occur. 
 
Generally, the temperature probe is not field-calibrated.  However, its calibration can be 
crudely checked in air or water if another temperature measuring device is available.   
The responsiveness of the probe and recorder electronics can be verified by breathing 
on the thermistor. 
 
8.3-3.3.5  Interpretation 
 
Normally, interpretation of the temperature log is based on the assumption that water in 
the well is at thermal equilibrium with the surrounding material.  Water entering a well 
bore from different aquifers penetrated by the hole usually will have a different 
temperature and will cause a flattening or steepening of the log profile.  Figure 8.3-3 
demonstrates the standard interpretation of various configurations of temperature 
profiles.  An abrupt anomaly on the log is caused by either warmer or cooler water 
entering or leaving the borehole at the depth of the anomaly.  Permeable zones, 
especially major fractures and casing leaks, can thus be detected as anomalous points 
on the temperature logs if any groundwater movement is occurring.  
 
8.3-3.3.6  Advantages and Limitations 
 
A temperature log must be made in a fluid-filled hole.  The preferred situation for most 
investigations requires that a borehole has reached thermal equilibrium with the 
surrounding material and that this equilibrium has not been disturbed by sampling or 
other downhole activities.   Depending on subsurface permeabilities and the degree of 
thermal disturbance, the equilibration time can vary from a day to perhaps several 
weeks.  In order for this log to reflect natural subsurface conditions, it is also necessary 
that surficial water does not enter the hole, and that the well construction grout (which 
gives off heat) has cured for at least three days. 
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A temperature log is often very informative for holes several hundred or more feet deep, 
especially where deeper aquifers or fractures exist that are hydraulically not directly 
connected to a shallow aquifer.   The equipment is easy to operate and is relatively 
inexpensive.   
 
The thermistors may be quite fragile, and downhole breakage can occur if the borehole 
has edges that may catch the probe. 
 
8.3-3.4    Self Potential (SP) 
 
8.3-3.4.1  Principles of Operation 
 
Electrochemical potentials are generated by interactions between ions in the borehole 
water and pore water in the borehole wall.   The Self Potential (SP) method is a passive 
technique that measures these naturally occurring voltage potentials in the borehole.    
 
More importantly, in geologic environments in which groundwater enters the borehole 
through thin permeable zones, voltage potentials can also be generated 
electrokinetically (creating streaming potentials) when an electrolyte (groundwater) flows 
through a porous medium (rock or soil).   
 
Zones of water gain or loss are often identified by a streaming potential on the log.   
Streaming potentials are generally negative and have a spikey, irregular character. 
 
8.3-3.4.2   Applications 
 
SP measurements are used for the following: 
 
o Identification of zones of water loss or gain (streaming potential) 
o Qualitative indication of clay content/determination of clay layers 
o Qualitative indication of water salinity 
o Rock type correlation/layer thickness 
The SP log may be used in conjunction with the resistivity log to identify clay zones.  
Other logs, such as the neutron, gamma ray or temperature, can be interpreted with the 
SP to determine lithology and relative permeability.  More than any other technique 
discussed herein, the SP method is not a stand-alone technique; it requires correlation 
with other logs. 
 
8.3-3.4.3  Equipment 
 
The downhole equipment for SP and resistivity logging includes a probe with lead or 
copper electrodes connected to the logging cable.  The uphole equipment includes the 
winch, electric control circuits, power supply, and recorder.  Correct measurement of SP 
in a borehole requires that a grounding (reference) electrode or stake, which is 
electrically connected to the SP measurement system, be driven into the ground at least 
25 feet from the borehole. 
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8.3-3.4.4  Field Procedures 
 
Field procedures for electrical logging follow the same rules as most other logging 
methods.  The probe is lowered to the bottom of the hole and measurements are made 
as the probe is pulled up the borehole. When making SP and single-point resistance 
measurements, it is important to have an effective ground electrode.   In very hard or dry 
material it may be necessary to saturate the ground with water or electrolyte so that a 
good electrical connection exists between the electrode and the surface material. 
 
8-3-3.4.5  Interpretation 
 
The SP log can be interpreted to give qualitative information on clay content and 
permeability.  To accomplish this, a line is drawn on the log at the maximum deflection of 
the SP as shown in Figure 8.3-4.  A second line is drawn along the baseline.  
Deflections from the baseline indicate permeable zones.  The magnitude of the 
deflection is proportional to the salinity of the water in a clay-free zone and proportional 
to the clay content in a clayey zone.   If the borehole water has a lower ionic 
concentration than the formation water, the deflection will be negative; however, if the 
formation water has a lower concentration, the deflection may be positive. 
 
Zones of water loss or gain can be detected as negative excursions from the baseline 
with a noisy or spikey, irregular character. 
 
8.3-3.4.6  Advantages and Disadvantages 
 
The SP curve commonly has reduced character in holes drilled with natural (formation) 
water because there is little geochemical activity between the borehole and formation 
waters.  Deflections on the SP log can be very subtle in holes drilled with natural or 
moderately resistive water so that scales used in presentation must be changed to 
show greater detail.  SP deflections can be reversed in areas where formation water 
has lower ion concentration than borehole water. 
 
8.3-3.5 Fluid Resistivity 
 
8.3-3.5.1  Principles of Operation 
 
The resistivity of the formation fluid, which is the inverse of the conductance of that fluid, 
varies as the amount of major dissolved ions of salt compounds vary (i.e., fluids with 
high NaCl concentrations have high conductance and low electrical resistance).   The 
measurement of fluid resistivity is accomplished by measuring the AC-voltage drop 
between two closely spaced electrodes on a probe.  This technique is the same as that   
discussed in Section 8.3-4.1 for formation resistivity in which a substantially greater 
spacing between electrodes causes the electrical field to easily penetrate the borehole 
environment and focus within the formation.  Fluid resistivity is generally recorded in 
measurement units known as ohm-meters (times a constant that depends upon the 
manufacturer's design of the logging system). 
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8.3-3.5.2  Applications 
 
Fluid resistivity logs are used to determine the general water quality with regard to total 
inorganic compound (namely salts) concentration.  This geophysical method is 
commonly used to detect groundwater-conducting fractures in saturated rock 
environments.  A procedure based on fluid resistivity (conductivity) logging has been 
demonstrated to quantify inflow rates from fractures into a borehole (Tsang, 1987).  
Because the SP and other resistivity-type logs are somewhat affected by borehole water 
quality, the fluid resistivity log can provide information to correctly interpret or 
quantitatively adjust other logs. 
 
8.3-3.5.3  Equipment 
 
Probes for fluid resistivity logging have two ring electrodes (four if multi-conductor winch-
cable systems are used) spaced along a water intake tube that the borehole water flows 
through as the probe is lowered down the hole.  Most groundwater investigative probes 
will fit into a 2-inch diameter hole, and are designed only for logging downhole.  
Electrical signals are transmitted to the standard surface electronics module, which 
converts these to counts per second as is done for most other log types.  Some probes 
will measure both water temperature and fluid resistivity simultaneously.  This 
arrangement is preferred as the water column in the borehole will not have been 
disturbed for either log type. 
 
 8.3-3.5.4  Field Procedures 
 
The operation is very similar to that for temperature logging (i.e., slow downhole log 
recording).  The tip of the probe housing the water intake tube must be kept open and 
clean.  The log is begun with the probe end just under the water level in the well.  The 
most sensitive span setting that will not cause full-scale deflection of the pen should be 
used, but commonly a conservative setting must be selected in the absence of 
knowledge of water chemistry variability in a particular logging environment.  Dual 
recording systems (analog and digital) eliminate most problems with log insensitivity. 
 
8.3-3.5.5 Interpretation 
 
The fluid resistivity log is one of the more difficult logs to interpret in the absence of any 
groundwater quality analysis of borehole water and formation water (if different).   The 
objective of fluid resistivity logging must be reconciled with the known (or unknown) 
condition of the borehole to derive reliable interpretation of general inorganic water 
quality.  Most important is the status of chemical conditioning of the borehole prior to 
logging, which usually relates to what fluids were used during the drilling process and 
what percent of the chemical substances were removed by development of the hole.  
Conditioning (intentional or unintentional) may greatly influence the degree of difference 
between in-situ groundwater chemistry and borehole fluid chemistry when the hole was 
logged. 
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If logging is to determine natural groundwater quality, the drilling fluid within the borehole 
and its invaded circumference must be removed or allowed to dilute to the natural 
concentrations with time prior to logging.  In some cases, a return to natural borehole 
conditions can be knowingly achieved, and in other cases uncertainty will remain. 
 
Interpretation is less complicated when the objective is to correct other resistivity logs, or 
to identify depths where the formation is actively yielding water to the borehole.   In the 
first instance, the actual resistivity readings with depth are used without environmental 
interpretation.  In the second case, recognition of groundwater inflow (or outflow) from 
the fluid resistivity log requires identification of trace excursions or offsets that are not 
the result of extraneous stresses occurring at the borehole.    The reliability of fluid 
resistivity interpretations largely depends on what is known of borehole conditions and 
on the interpreter's experience. 
 
8.3-3.5.6 Advantages and Limitations 
 
Fluid resistivity logging provides a quick, relatively inexpensive means (as compared to 
extensive multi-depth water sampling) to qualitatively compare general inorganic water 
quality in various depth intervals of a borehole.  It also may indicate depths where 
groundwater is moving into an open borehole and serve as collaborative evidence for 
such movement as suggested by a temperature or flowmeter log. 
 
This technique requires that the hole be uncased, screened, or perforated over the 
depth interval of interest, and be filled with water to this level.  The log must be made 
going downhole at a slow rate of speed.  The most ideal situation for interpretation is 
that the drilling fluids be thoroughly flushed during development, and that enough 
subsequent time be allowed for chemical equilibrium to occur. 
 
 
 
 
8.3-3.6    Inhole Flow Measurement (Flowmeters) 
 
8.3-3.6.1  Principles of Operation 
 
Several means of measuring the flow of water within a borehole using wireline 
geophysical equipment have been developed (Keys and MacCary, 1971, and Patten 
and Bennett, 1962).  Three techniques have been well documented: impeller flowmeter, 
tracer injection and monitoring and thermal flowmeter.  The thermal flowmeter, which 
measures vertical notion with high sensitivity is a newly tested instrument and, as of this 
writing (1988), is not widely available.   Although it shows much promise for accurately 
measuring very slow flow rates (Hess, 1982 and 1985), it is not discussed in this 
section. 
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Impeller flowmeters measure the revolutions of an impeller or vanes, mounted with its 
shaft parallel to the probe.  This instrument is only capable of measuring flow velocities 
greater than about one to three feet per minute.   Pulses are generated by the interaction 
between a very sensitive magnetic switch and a magnet placed on a shaft that rotates as 
a result of current flow.  These pulses are sent up-cable to a standard rate-meter 
module, which registers each pulse on stationary time-drive or continuous depth-
integrated logs. The speed of probe movement is critical to the log quality for the latter 
log type. 
 
The tracer injection technique involves dispersing a "slug" of a tracer, such as salts, 
trivium, or fluorescein dyes  (Driscoll, 1986), at a strategic depth in the borehole, and 
then monitoring its movement up or down the hole with respect to the exact recording of 
elapsed time intervals.  The tracer hot-spot is assumed to move at exactly the same   
rate as the borehole water.   Detectors located above and below the injection port on the 
probe are essentially fluid conductivity sensors.  These data are used to calculate 
borehole fluid velocities. 
 
 8.3-3.6.2  Applications 
 
Inhole flow logs can be used to determine the rate of water movement between two 
permeable zones (or fractures) intersected by the open borehole, or opposite well 
screens or perforations.  Rates of movement can be used to calculate a volume flow per 
unit time, and if the thickness and percent of total flow contribution of the permeable 
zone(s) are known, hydraulic conductivities can be determined (Schimachal, 1981).   As 
complementary data,  caliper logs for open-borehole applications are strongly 
recommended so as to derive the appropriate representative diameter of the segment 
through which flow was measured. 
 
Flowmeter logging under conditions of surface discharge of borehole water (pumping or 
artesian flow) can provide data to interpret percentages of the total flow attributable to 
each permeable zone.  This technique could be applied in competent rock holes to 
locate a dominant fracture that contaminants might follow and, thus, provide detailed 
information for discrete chemical sampling. 
 
8.3-3,6,3  Equipment 
 
An impeller flowmeter consists of a vane-type spinner mounted in a vertical axis position 
inside a strong cage on the bottom end of a probe.  The diameter of the probe is smaller 
than the spinner, which is usually between three and four inches in diameter.  The up-
hole end of the probe connects to common cable heads.  Single-conductor cable 
flowmeter probes are available.  Surface electronics of most standard logging units can 
receive and process the pulses. 
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Tracer injector probes are relatively complex, as the tracer solution must be loaded and 
remotely ejected through small ports on the side of the probe.   Because the direction of 
fluid movement in the borehole is commonly not known beforehand, probes having 
conductivity (resistivity) detectors both above and below the ejection (ports) should be 
used because they allow measurement collection while holding the probe motionless in 
the hole (a very desirable condition).  In large diameter boles, the probe should be 
centralized.  To obtain a visual field log, the analog recorder must have a built-in time-
drive mechanism, or a computerized digital playback of conductivity readings versus 
time. 
 
8.3-3.6.4  Field Procedures 
 
Two primary options exist for operating the impeller flowmeter:  depth-stationary 
recording and constant probe-speed recording.   The depth-stationary method assumes 
that borehole water velocity is faster than the stall speed of the meter, either through 1) 
natural artesian flow out the top of the well, 2) induced flow through pumping of the well, 
or 3) natural flow between two or more separated permeable zones (a phenomenon 
known as "thieving").  To collect flow data, the flowmeter is positioned at selected 
depths, and a time-drive log is made at each for several minutes duration.  The log on 
the right in Figure 8.3-5 shows a typical measurement. 
 
The constant-speed technique is used when the flow in the hole is presumed to be near 
the impeller sensitivity speed and/or a large depth interval must be logged.   Proper 
procedure requires downhole and upbole log recordings, both made at the identical 
probe speed.  The left logs in Figure 8.3-5 show an example with a probe speed of 40 
feet per minute.  With speeds of this magnitude, rugosity of open boreholes may cause 
artificial anomalies if the probe bounces off or momentarily bangs on a protrusion (the 
operator must carefully watch the cable's action).   
 
The procedure for obtaining tracer injection logs is less rigid; it depends upon the logging 
system being used, the rate of fluid travel, and if the direction of travel is known 
beforehand.  The user is referred to Keys and MacCary (1971) for consideration of the 
various options. 
 
8.3-3.6.5 Interpretation 
 
Flow velocity is easily computed from stationary time-drive flowmeter logs by counting 
the number of pulses per unit time, and applying the calibrated flow rating for each 
individual probe.   Feet per minute of travel is then used to compute the volumetric rate 
of flow, using the most accurate determination of average borehole (or easing) diameter. 
 
Using the constant probe-speed technique, zones of increased impeller rotation on a log 
made in one direction and decreased impeller rotation in the opposite log direction are 
identified as having vertical flow.  This phenomenon, as illustrated on the logs shown on 
the left side of Figure 8.10-5, can be seen to occur between the depth interval of 260 
and 270 feet.  Again, through calibration of the meter and by knowing the logging speed, 
the velocity of flow can be computed. 
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Interpretation of trace injector logs is straightforward, assuming that the tracer plume 
passes a fluid conductivity detector during the monitoring period.  The fluid velocity is 
computed as the distance traveled between the ejector and the detector (if the probe is 
held stationary as is normally the case) divided by the time span between ejection and 
the arrival of the peak conductivity recorded on the time-drive log.  If the tracer 
substance has a specific weight much different than the borehole fluid, density 
corrections should be made.  Radioactive tracers have been very successfully used in 
combination with gamma detectors installed in an ejector probe because they are 
detectable at very low concentrations.  However, government regulation of radioactive 
tracers now is very stringent, discouraging their use. 
 
8.3-3.6.6  Advantages and Limitations 
 
Flowmeter logging can provide the best means to quantify natural movement of 
groundwater between two permeable zones in a borehole.  It is the only direct method to 
determine the percent contribution of various permeable zones when a long section of 
an uncased bedrock hole, or long screened or perforated casing section, is pumped.  
Provided that the borehole fluid velocity is greater than 3 to 5 feet per minute, the 
impeller meter will detect the presence of fractures that are conducting water into or out 
of the borehole. 
 
Use of flowmeters and other flow detection technologies to investigate groundwater 
movement is dependent on the existence of natural flow or the use of well pumps to 
create velocities greater than the detection limits of the technique.  Impeller flowmeters 
must be calibrated in controlled velocity environments, and the meter must be rechecked 
if any significant wear or damage is suspected and if quantitative results are needed.  
The technique may not give good results in small diameter (2- to 3-inch) holes.  If used 
in large diameter holes, a skirt should be attached to concentrate the flow past the 
impeller or sensors.  Caliper logging of uncased holes is highly recommended prior to 
running in-hole flow tests, as not making diameter corrections may cause velocity errors 
to exceed 40 percent (Schimschal, 1981). 
 
Trace ejector logging may provide reliable results at somewhat lower velocities, but this 
technique is difficult to use to investigate long sections of borehole.   Both 
methodologies require relatively simple instrument controls and operator training. 
 
Borehole flow logging is more time consuming than most other downhole logging. 
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8.3-4     FORMATION PENETRATING METHODS 
 
8.3-4.1   Resistivitv Techniques 
 
8.3-4.1.1  Principles of Operation 
 
Resistivity measuring devices (normal, single point and induction/EM probes) measure 
the electrical resistance of a volume of material around the borehole.  These active 
techniques involve applying a current (AC or DC) to the formation and measuring the 
resulting potential field.  The use of normal and/or single point techniques requires that 
the borehole be uncased and filled with a conductive fluid.  The induction probe, which 
applies an electromagnetic field to induce currents in the formation, is employed when a 
current cannot be applied directly, such as in air-filled or PVC-cased holes. 
 
The single-point resistance probe is the most commonly used resistivity device.   It 
consists of a single lead electrode connected to a power source and voltage meter 
(Figure 8.3-6).  A constant current is applied to the electrode and the voltage between 
the electrode and surface ground, which basically varies with earth resistance, is 
measured in the same manner resistance is measured with a volt-ohm meter.  The 
actual property measured with the single-point device is resistance, in ohms. Resistivity 
is a volumetric quantity expressed in ohm-meters. 
 
The normal device, also called the two electrode system, employs the use of two 
electrodes on a probe, spaced a selected distance apart (see Figure 8.3-6).  The lower 
electrode is used to apply a constant current to the formation.  The upper electrode is 
used to measure the potential field at that point.  The electrode spacing determines the 
depth of investigation of the normal tools.    The depth of investigation into the rocks 
surrounding the borehole is approximately equal to about half the electrode spacing.  
Common spacings are 16, 32, and 64 inches.  Closer spacings may be used to 
advantage in slotted PVC casing, with minor adjustments. 
 
When borehole conditions (i.e., air or foam filled holes or in holes cased with PVC) 
prevent a current from being applied directly to the formation, as is the case for normal 
and single-point methods, an electromagnetic probe, also known as the induction 
technique, may be used.  The induction probe is essentially the same as the surface 
terrain conductivity instrument described in Section 6.  A lower transmitter coil produces 
an electromagnetic field that generates a ground loop (circular currents around the 
borehole).  The secondary field created by the ground loop in the rocks and fluids 
surrounding the borehole is measured by the upper coil, and is proportional to the 
conductivity of the material between the coils. 
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8.3-4.1.2  Applications 
 
Resistivity logs are used to determine: 
 
o Water saturation 
 
o Porosity (when the conductivity of formation water is known) 
 
o Clay presence 
 
o Basic water quality (i.e.. conductivity due to salts - when the 
    formation porosity is generally known) 
 
Generally, when these parameters are to be determined, a log suite consisting of 
gamma ray, SP, acoustic velocity (to be explained later in this section) and resistivity is 
run.  Also, the resistivity and induction method can often be used to identify 
contaminated zones, if the contaminants have an electrical conductivity significantly 
higher or lower than the hydrogeologic environment and an adequately high 
concentration is present. 
 
 
8-3-4.1.3  Equipment 
 
The downhole equipment for single-point resistance and resistivity logging includes a 
probe with lead or copper electrodes connected to the logging cable.    The uphole 
equipment includes a winch, electronic control circuits, power supply, and recorder.  
Single-point resistance logging, which utilizes only one probe electrode, requires that a 
grounding electrode or stake be driven into the ground at least 25 feet from the 
borehole. 
 
Two induction instrumentations are available for groundwater investigations, with slightly 
different configurations.   A stand-alone portable unit is commercially available which 
focuses the electromagnetic field into the formation beyond the walls of the borehole.   
This unit includes a two-coil probe; a 9-mm diameter, seven conductor logging 
cables; uphole electronics module; power supply (12 VDC); and an analog or 
digital recorder.   The other configuration for the induction logging equipment is a 
standard multi-conductor probe that is compatible with truck-mounted logging 
equipment. 
 
8.3-4.1.4  Field Procedures 
 
Field procedures for electrical logging follow the same rules as most logging.  The probe 
is lowered to the bottom of the hole and logs are made as the probe travels up the 
borehole.   When making a single-point resistance log, it is important to have an 
effective ground electrode.  In very hard or dry material it may be necessary to saturate 
the ground with water or electrolyte so that a good electrical connection exists between 
the electrode and the surface material.   The logging cable must be electrically insulated 
for a distance of 5 times the electrode spacing when running normal resistivity logs.  
Logging speeds can be as high as 3 feet per minute for electric logs without losing log 
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quality. 
 
A variable-resistance decade box should be used during each day of field logging to 
calibrate the system's response output in ohm-meters. 
 
8.3-4.1.5  Interpretation 
 
Resistivity measurements can be used qualitatively to interpret porous water-filled zones 
or fracture zones.  Usually, these zones have lower resistivities than adjacent non-
porous or non-fractured zones.   After these low resistivity zones are identified, they 
should be compared to the SP and gamma-ray logs to verify that they are not clay zones 
which also have low resistivity.  The single-point resistance probe is especially sensitive 
to individual open fractures with apertures greater than about 0.1 foot. 
 
Porosity can be estimated from resistivity logs if the resistivity of the formation water is 
known. Formulas to calculate formation porosity can be found in Keys and MacCary 
(1971).  For example, formation porosity for sandstone can be determined graphically 
from Figure 8.3-7. 
 
Qualitative estimates of water quality can be made from resistivity logs in clay-free 
zones.  As specific conductance increases, the resistivity will decrease, assuming the 
porosity and lithology are constant.  Thus, brackish and salt-water aquifers will show 
lower resistivity than fresh-water aquifers of similar porosity and lithology.  Keys and 
Maccary (1971) and Rwader (1982) describe methods of estimating water quality from 
electric logs.  The methods employ the use of mathematical expressions or cross-plots 
to relate properties such as formation resistivity factor, fluid resistivity, porosity, 
cementation factor, specific conductance, and dissolved solids. 
 
When used with the SP and gamma-ray logs, the resistivity log can give valuable 
information concerning lithology, water content, and groundwater quality.  Because 
electrical current passes through soil by way of water in the pores, it is possible to locate  
the top of the saturated zone using this method.  If a single-point or small-spacing 
resistivity probe is used, the capillary fringe can often be identified. 
 
Resistivity values are not unique for specific lithologies.   However, clays usually have 
low resistivities and most non-fractured, unweathered igneous and metamorphic rocks 
have high resistivities.   Fresh-water saturated sands normally have resistivities 
significantly greater than clays.  Fine-grained sands and silts commonly have lower 
resistivities than coarser sands and gravels.  In coastal environments, the resistivity 
log is used to discriminate the higher resistivity fresh-water aquifer from the lower 
resistivity brackish or saline sea-water aquifer. 
 
8-3-4.1.6  Advantages and Disadvantages 
 
Borehole electrical methods are rapid, repeatable and well documented techniques that 
require simple equipment and all can be run in two-inch ID holes.  They are effective 
methods for determining the presence of clay layers and water quality. 
 
The primary disadvantage of the electrical methods is that (with the exception of 
induction/electromagnetic techniques) they require water-filled uncased boreholes.   
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Another disadvantage is that these methods generally require a fracture with an aperture 
greater than 0.1 foot. 
 
The induction/electromagnetic probe is effective in low to moderate resistivity formations, 
and provides resistivity data under conditions where other techniques cannot be applied 
(air-filled boles and PVC-cased holes). A disadvantage of the induction/electromagnetic 
technique is that it has poor vertical resolution (cannot resolve layers less than 2-3 ft 
thick) and gives unreliable data in high resistivity formations. 
 
Resistivity and SP measurements are very sensitive to the resistivity of the drilling fluid.   
If drilling fluid is highly resistive and the borehole diameter relatively large, thin beds and 
more resistive beds will not be detected, as most of the current is forced to travel along 
the borehole walls (Kwader, 1982). 
 
In glacial terrain, boreholes must be cased with PVC or steel.  Use of these materials 
usually precludes single-point, normal resistivity and SP methods, although they can be 
run in the screened interval of PVC-cased wells.  Care should be taken to ensure the 
integrity of the borehole so that expensive logging probes are not lost by collapsing 
sections of the borehole. 
 
Electrical methods provide calibrated, quantified results in low to moderate resistivity, 
water-saturated rocks and soil, such as clays and saturated sand and gravel.  Electrical 
methods give only qualitative to semi-quantitative results in high resistivity materials, 
such as unfractured granite or dense silty till. 
 
8.3-4-2   Acoustic (Sonic) Methods 
 
8.3-4.2.1  Principles of Operation 
 
Acoustic borehole methods are a group of active techniques that use sound waves to 
measure the acoustic properties of the soil, rock, and fluid near the borehole.   The 
velocity with which sound propagates through the materials, and/or the strength of the 
signal at the receiver, are evaluated in conjunction with other geophysical techniques 
(i.e., SP, Resistivity) to determine the type of the material penetrated.   The 
techniques include: 
 
o Velocity logging 
o Amplitude logging 
o Wave-form analysis 
o Acoustic televiewer 
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The most common of these techniques is velocity logging.  The acoustic methods can be 
used in open or cased holes.   A fluid-filled hole is usually required to transmit the sound 
wave to the formation.  Dry hole acoustic probes are available, but have limited 
applications.   A discussion of basic acoustic logging methods can be found in Labo 
(1987) or Key and MacCary (1971).  More detailed information on the acoustic 
televiewer can be found in Paillet (1980) and Zemanek and others (1968). 
 
In its simplest form, the acoustic velocity logging technique uses a sound-wave source 
generator and a receiver mounted on a probe at a fixed distance from the generator 
(Figure 8.3-8).  The generated sound wave is propagated through the borehole fluid and 
refracted into the formation.  A portion of this acoustic energy travels parallel to the 
borehole and is refracted back to the receiver.  Electrical circuits are used to measure 
the transit time for the sound waves to travel from source to receiver.  These data are 
presented on the log as travel time, recorded in microseconds per foot.   Many acoustic 
velocity logging systems are designed with two or more receivers and two sound-wave 
generators to minimize the following borehole effects: 
 
o Travel time through borehole fluid 
 
o Irregularities in borehole size (indicated by caliper logs run in 
uncased holes) 
 
o Orientation of the probe in the hole 
 
Multiple-receiver probes (see Figure 8.3-8) measure travel time by taking the difference 
between the first arrival of the sound wave from the near and far receivers.  Some 
logging systems are also equipped to record the strength, or amplitude, of the first 
arrival, usually in millivolts.  These acoustic logging systems contain an oscilloscope 
which allow the entire wave train to be observed while logging.  The wave train can also 
be photographed or recorded digitally so that a complete analysis of all portions of the 
wave may be performed. 
 
The acoustic televiewer is an elaborate probe that contains one or more sound-wave 
source generators and receivers mounted radially on an internal rotating mechanism 
(Figure 8.3-9).  The rotating mechanism is powered by a small electric motor and 
contains a magnetic orientation device used to tie the acoustic measurements to 
compass directions.  As it rotates, high frequency sound waves are generated and 
reflected off the borehole and back to the probe.  Receivers, located coincident with the 
sound-wave generators, measure the amplitude of the reflected wave and send the 
information uphole.   The wave amplitude data is combined with the simultaneously 
collected probe orientation and depth information to produce an uncoiled 360-degree 
acoustic image of the borehole (Figure 8.3-10). 
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8.3-4.2.2  Applications 
 
Acoustic velocity measurements can be used to determine 
 
o Porosity (for known lithology) 
o Lithology (determined in conjunction with other logs) 
o Rock strength 
o Fracture location 
o Validity of seismic refraction interpretations 
 
Porosity can be determined from the acoustic velocity log if the formation compensation 
is known and is clay-free, consolidated (grains cemented together) and fluid-bearing.    
The porosity is calculated from the relationship established by Wyllie (1963), which 
involves transit times through the rock and the pore fluids. 
 
The accuracy of the calculated porosity is dependent on the accuracy of the matrix 
identification.  Because the acoustic travel time varies with porosity and rock 
composition it is a non-unique response.  Lithology can only be confirmed if other logs 
such as the neutron, gamma-gamma or natural gamma are used for verification.  The 
acoustic travel-time log can be used to verify seismic model layers determined by the 
seismic refraction method (Section 3). 
 
Matrix travel times for sedimentary rocks (shale, sandstone and limestone) are well 
documented and vary within known limits.  Matrix travel times for igneous and 
metamorphic rocks vary considerably and are not well defined by the present literature.  
For this reason it is recommended that the interpretation of the acoustic velocity log be 
limited to identification of relative changes in porosity in igneous and metamorphic rocks, 
unless detailed information concerning rock type or seismic velocities are available.   
Dobrin (1976) provides a table of velocities for various sedimentary, igneous and 
metamorphic rocks (Table 8.3-2). 
 
Relative rock strength can be estimated from acoustic travel-time data in zones of 
similar rock type.  Increases in travel-time can indicate zones of weathering, alteration or 
fractures, which also have higher porosity than rock outside such zones. 
 
The acoustic amplitude log can be used as an indication of conditions at the edge of the 
borehole, such as cement bonding quality between steel casing and the formation.  If 
there is a good bond, the acoustic amplitude is high.   However, if there is a gap caused 
by partial grouting, the signal from the formation will be weak (attenuated) and show as 
a low-amplitude zone.  Low amplitude can also be an indication of fractures, 
unconsolidated or soft material, weathering, or mineral alteration in uncased holes. 
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The full waveform acoustic log records the complete acoustic wave so that various 
components of the wave may be identified.   These components include the arrival times 
and amplitudes of: 
 
o Compressional waves 
o Shear waves 
o Tube waves 
 
Shear- and tube-wave data can be used to locate fractures and estimate permeability.  
The shear-wave and tube-wave information also is used to calculate engineering 
properties used in the design of remedial structures or systems.  These engineering 
properties are: 
 
o Bulk modulus 
o Shear modulus 
o Poisson's ratio 
o Young's modulus 
 
The reader is referred to Dobrin (1976) for a complete discussion of the calculation of 
these properties from seismic and acoustic log data. 
 
The acoustic televiewer is used primarily to identify and measure the strike and dip of 
fractures.  However, it can also be used to identify other borehole and rock conditions 
such as hole enlargements, hole obstructions, rock breakouts, foliation, and zones of 
weakness due to weathering or alteration. 
 
8-3-4.2.3  Equipment 
 
Acoustic logging methods require relatively complex electronic systems and instrument 
controls to produce acoustic logs.  Sophisticated timing and measuring circuits are used 
to pulse the sound-wave generators and turn the receivers on and off.  An oscilloscope 
is used to visually inspect the quality of the sound wave as it is transmitted and received.  
All of these components are contained in the surface electronics package.  The probe 
contains the sound-wave generators and receivers.  A specially designed camera may 
be necessary to record the full waveform acoustic log. 
 
8.3-4.2.4  Field Procedures 
 
The acoustic televiewer logs must be run at very slow probe speeds, commonly four feet 
per minute. Calibration of acoustic surface electronics is generally performed internally 
by passing a reference signal through the circuits.   There are no calibrations needed for 
acoustic probe electronics apart from the surface system calibration. For 
quantitative velocity determination, it is best to calibrate the system by correlation with 
velocities determined by core tests or a seismic refraction survey. 
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8.3-4.2.5  Interpretation 
 
The porosity value calculated from the acoustic velocity log represents the primary 
(intergranular) porosity only.  Secondary porosity created by vugs, dissolution, and 
fractures is not detected by the acoustic velocity method because the sound wave 
travels along the fastest path, which is through the rock rather than the fluid.  If the total 
porosity from the density or neutron log is compared to the primary porosity from the   
acoustic velocity log, the amount of porosty due to vugs and fractures can be 
determined. 
 
When the amplitude of the received sound wave is low due to inhomogeneities in the 
rock (fractures, vugs), the first arrival of the sound wave may not be detected because it 
is below the detection limit of the probe.  Later arrivals with higher amplitudes trigger the 
detector and show as very long travel time on the log.  This phenomenon is called  
"cycle skipping."  The log usually looks very spikey and irregular when cycle skipping 
occurs.  Cycle skipping may indicate vugs, fractures or weak rock. 
 
Acoustic travel times for specific depths can be plotted against gamma-gamma, neutron, 
or natural gamma count rates at corresponding depths to define rock-type groups 
(Figure 8.3-11).  This technique, called cross-plotting, is very informative, especially 
when combined with core or other geologic data. 
 
Full acoustic waveform interpretation is similar to vertical seismic profiling (VSP) 
interpretation; therefore the reader is referred to Section 8.3-4.4 for a more complete 
discussion. 
 
Interpretation of acoustic televiewer images (logs) is somewhat subjective unless 
borehole wall character is evidenced on other logs.  The basic premise is that strong 
signals from smooth borehole walls of competent rock appear as bright areas on the log, 
whereas fractures, soft seams and weathered rock appear as dark areas. 
 
8.3-4.2.6  Advantages and Disadvantages 
 
The acoustic probes are advantageous because they provide perhaps the most accurate 
information concerning fracture location, geometry and characterization, and need not 
require confirmation by other log types for some purposes. 
 
The primary disadvantage of acoustic velocity techniques is their relatively high cost and 
complexity, and their limited value in cased holes penetrating unconsolidated materials.  
The acoustic tools must be run in water-filled holes so that the sound wave is effectively 
transmitted to the borehole walls.   However, special receivers are available for use in 
dry holes, but they must be clamped to the side of the borehole, thus preventing 
continuous logging of the hole. 
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The acoustic televiewer is not readily available among geophysical contractors, because 
it is an expensive, relatively specialized probe.  Furthermore, the quality of the log, and 
thus reliability of interpretation, depends strongly on the operator's experience and ability 
to set the proper acoustic focus.   As major changes in the borehole diameter occur, 
refocusing is commonly required. 
 
The reader is referred to Zemanec and others (1969 and 1970) or Taylor (1983) for a 
complete discussion of the interpretation of the technique. 
 
 
 
 
 
8.3-4.3  Nuclear (Radiation) Methods 
 
8-3-4.3.1  Principles of Operation 
 
Nuclear logging methods include both passive (natural gamma-ray) and active (gamma-
gamma and neutron) techniques.  These techniques are used primarily for the 
determination of porosity and lithology.  Most nuclear methods employ the use of geiger 
tubes or scintillation crystals to detect the intensity of radioactivity.  The detector emits 
photons (flashes of light) when struck by radioactive particles (neutrons and gamma-
rays).  The photons are converted to electrical pulses and sent uphole to counting and 
timing circuits, where a surface electronics module converts these pulses into counts per 
second.  All nuclear logs can be run in open or cased holes, and in dry or water-filled 
holes. 
 8.3-4.3.1.1  Natural Gamma-ray Log 
 
The natural gamma-ray log is a measure of the naturally occurring gamma radiation in 
the formation.  Natural gamma radiation is produced by the radioactive decay of 
potassium, thorium (Th) and uranium (U) atoms.  Clay minerals show high gamma ray 
readings because they commonly contain potassium in their chemical structure.  Clay 
minerals also promote the adsorption of positive ions, such as Th+ and U+, because of 
their open crystal lattice structure and net negative charges.  Thus, the natural gamma 
log serves as a reliable clay indicator in those environments where non-clay beds do not 
contain radioactive minerals.  However, some granites and their weathering products are 
also rich in radioactive minerals, and also will give high gamma-ray counts. 
 
8.3-4.3.1.2  Gamma-gamma Log 
 
Gamma-gamma logging uses a solid, encapsulated radioactive source (generally 
cesium-137 or cobalt-60) mounted 10 to 35 inches from the detector to bombard the 
formation with medium-energy gamma-rays. The gamma-rays are scattered as they 
collide with the electrons of the material in the formation.  With each collision, an 
individual gamma particle will lose some of its energy until it reaches a low energy state 
and is absorbed by an electron.  The probe measures the number of gamma rays that 
are reflected back to the detector.  The number of electrons detected by the instrument 
is inversely proportional to the density of the formation evaluated.  Therefore, very dense 
formations, which have high electron densities and will reduce gamma energy quickly, 
will cause fewer gamma rays to reach the detector, while less dense formations will 
exhibit higher gamma count rates.  If the formation lithology (and density) are known, 
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variations of density measured can be attributed to changes in porosity. 
 
8.3-4.3.1.3  Neutron-epithermal-neutron Log 
 
The neutron-epithermal-neutron log is used to determine porosity as a function of 
formation hydrogen content.  The basic assumption in the calculation of porosity using 
this method is that all pore (void) spaces in a formation are water filled.  This survey 
method can be employed below the water table to measure porosity and above the 
water table to indicate relative moisture content in the unsaturated zone. 
 
The neutron probe is similar in design to the gamma-gamma probe, except an 
americium-241 beryllium radioactive source is installed.  This source emits fast 
neutrons, which collide with atoms in the formation and are slowed down.   The most 
effective atom in slowing down fast neutrons (because of its similar atomic mass) is the 
hydrogen atom, which is a major constituent of water.  When neutrons reach a very low 
energy level, they are captured primarily by hydrogen atoms, and gamma energy is 
released.  Detectors are designed to detect (count) either neutrons or gamma photons 
released by neutron collisions.  The counting rate for both types of detectors is inversely 
proportional to the hydrogen content of the formation.  The instrument detection results 
are converted to porosity. 
 
Although a neutron log cannot be used for measuring porosity above the water table, it 
is very useful for measuring changes in the moisture content. 
 
8.3-4.3.2  Applications 
 
Nuclear techniques are used primarily to identify the presence of clay, correlate 
lithologies, and determine porosity.  These techniques are most valuable if the probes 
are calibrated with appropriately constructed field standards of known properties, and, 
therefore, accurate densities and porosities can be determined.  The gamma-gamma 
and neutron radiation logs provide a record of count rate, which must be scaled with a 
calibration rating curve after dead-time corrections are applied (moderate to high count 
rates only) to provide porosity values. 
 
Natural gamma and neutron logs can aid in the identification of perched aquifers, 
especially when used with a resistivity technique.  Opposite a perched aquifer the 
resistivity is low; the neutron log would show increased water content, and the natural 
gamma should confirm the perched zone to be non-clayey materials.  As the resistivity 
and neutron probe responses may be similar for clay and water-saturated sands due to 
water molecules bound to the structure of clay minerals, the natural gamma log is critical 
for correct interpretation. 
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8.3-4.3.3  Equipment 
 
The three nuclear techniques use very similar surface and downhole equipment.  While 
a few nuclear logging systems use the same probe and detector for all three methods, 
with only the source and source-to-detector spacings changed, most logging systems 
employ the same probe for natural gamma and gamma-gamma, but a different probe for 
neutron.  The uphole electronics consists of a counting and timing circuit for recording 
data in counts per second.  A more complex electronics package is required 
for directly recording porosity during gamma-gamma or neutron logging. 
 
The gamma-gamma and neutron methods require the use of a solid, encapsulated, 
chemical radioactive source.  Although these sources are relatively small, they present a 
safety concern for the operators of the equipment.  The sources are regulated by the 
Nuclear Regulatory Commission (NRC) and must be licensed.  Use of licensed sources 
is limited to those persons who have proper training and have obtained NRC certification 
in nuclear materials handling and safety.  These sources are transported and stored in 
locked, shielded carrying cases and are secured to the probe only during actual logging. 
 
Another aspect of safety is the use of active sources in uncased, loose formations.  The 
potential for getting a probe stuck in the hole often is significant when borehole walls 
consisting of unconsolidated soils are unstable.  It is recommended that no probe with a 
radioactive source be run in an uncased hole in an unconsolidated formation. 
 
8-3-4.3.4  Field Procedures. 
 
Nuclear logging methods follow the same general field procedures as other logs.  One 
notable difference is that radioactive sources used with the density and neutron 
techniques are installed using a site-specific field routine that minimizes radiation doses 
to the operator.  Also, log quality and repeatability are enhanced if a probe decentralizer 
is used in hole diameters of 8 inches or greater.  Probes are calibrated at the site using 
either a source of known strength (field standard) to check detector response or a piece 
of material with known physical properties to check total probe response. 
 
For uncased holes in competent rock, a caliper probe is always run before the nuclear 
probes because of the serious consequences of getting a radioactive source stuck in the 
hole. 
 
Radiation probes are generally run at a slower speed (10-15 ft/min) than most other 
probes so that the count rates can be averaged over a longer period of time, thus 
reducing the statistical variability and making the logs more repeatable. 
 
8.3-4.3.5 Interpretation 
 
None of the radiation logs have a unique count rate response to individual lithologies 
(see Figure 8.3-12); however, within a single geohydrologic environment, any given 
geohydrologic unit  (layer) generally shows a consistent response.  This aspect gives 
these logs much value in correlating lithology between well sites. 
 
Natural gamma logs respond primarily to the amount of potassium, and secondarily to 
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the amount of thorium and uranium isotopes in the formation.  As potassium is a major 
component of most clay minerals, the natural gamma log is generally considered to be a 
clay-content log. 
 
Other minerals that can cause high gamma counts include: 
 
o Feldspars (high potassium) - found in many granites and other 
     light-colored igneous and metamorphic rocks 
 
o Micas (high potassium; may contain thorium) - found in granites 
 
o Hornblende (can contain thorium and uranium) - a common accessory 
mineral in granites and some metamorphic rocks 
    
o Uranium minerals in granites and sands 
 
Sometimes, a natural gamma log will show high radioactivity opposite fractures or 
fractured zones in bedrock.  These spikes are usually due to uranium-rich mineral 
precipitates lining the fracture walls, but small excursions on the log may represent clay-
filled fractures. 
 
Natural gamma log responses should be cross-examined with the SP and one of the 
resistivity log types to confirm rock type.  Fractures can usually be identified with the 
single-point resistance log. 
 
Neutron logs will respond to water bound in the crystal structure as if it were pore water.  
It is important to check for the presence of clay with SP or natural gamma when using 
the neutron log to determine porosity.  The neutron probe is affected by borehole 
enlargements and high chloride content.  Under these conditions, the neutron log should 
be used only as a general indicator of porous zones. 
 
Rocks and glacial sediments show an extremely wide range of bulk densities (the 
combined density of rock, fluid, and air).   If the lithology is known, a reasonable estimate 
of porosity can be made by using published relationships. 
 
The density log can also be used to detect voids and channeling in grout behind casing.   
Voids and channels in grout may provide pathways for transport of water and 
contaminants between layers. 
 
When analyzed together, the gamma-gamma and neutron logs commonly indicate 
zones of formation washout that exist behind the well casing, caused by the drilling 
process.  Washouts and aquifers may give a similar response on these logs, and 
commonly the natural gamma log must be consulted. 
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8.3-4.3.6  Advantages and Disadvantages 
 
Nuclear techniques work well in a wide variety of borehole environment including cased  
(PVC or steel) and uncased holes in saturated and unsaturated formations.  Their 
primary advantage is that, when properly calibrated, these logs give estimates of 
porosity and lithology that are consistent with independent field and laboratory test 
results.   The porosity and lithology measurements are made in-situ at accurately known 
depths, thus reducing cost and time involved in comparison to core sampling and aquifer 
test pumping. 
 
Most of the probe response in nuclear logging is from the first six inches to one foot of 
the formation surrounding the borehole.  Sometimes this zone may be very disturbed, 
due to drilling and completion procedures that may force drilling fluids into pore spaces 
near the borehole or alter the compaction of loose materials.   If large augers are used 
and a small diameter well is installed, most of the radiation response is from the gravel 
pack (filter sand) or backfilled material.  In such cases a false indication of formation 
properties may be obtained. The best hole conditions result from driving casing or open-
hole drilling in competent rock. 
 
Hole diameter variation and rugosity of the borehole walls affect all nuclear logs to some 
degree, depending on source strength and the chosen spacing between source and 
detector.  Gamma-gamma density logs made with a weak radiation source and short 
spacing may be severely affected, misrepresenting true formation density.  Neutron 
probes have a lesser sensitivity to the same conditions, while natural gamma logs 
generally are not significantly affected unless a large void or washout is present.  Caliper 
logging in open holes provides data for correcting radiation logs for hole diameter 
variations.   However, quantitative determination of density and porosity opposite 
washouts in cased wells is not possible. 
 
Radioactive sources are regulated by the NRC and must be licensed.  The use of 
geophysics tools employing radioactive sources is restricted to only those persons who 
have NRC certification.  The consequences of losing a radioactive-source  (i.e., by being 
unable to retrieve a downhole source/probe) is serious and costly. 
 
8.3-4.4    Vertical Seismic Profiling (VSP) 
 
8.3-4.4.1  Principles of Operation 
 
Vertical Seismic Profiling (VSP) is a borehole seismic survey method used to detect and 
characterize open fractures within rock.  The VSP method was developed in the 
petroleum industry and has recently been applied to hydrogeologic characterization for 
environmental studies.  This method provides a three-dimensional image of subsurface 
velocities and geologic structure, utilizing an array of seismic borehole geophones  
(motion sensitive sensors) or hydrophones (pressure sensitive sensors) placed in 
a borehole at the depths of interest.   The technique is illustrated schematically in Figure 
8.3-13. 
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The VSP technique uses a seismic source, placed at the surface some distance away 
from the borehole to generate seismic waves, which travel through the ground and are 
detected by the geopbones in the borehole.  These waves consist of compressional 
waves (P waves) and shear waves (S waves).  Figure 8.3-13 shows a schematic 
representation of the seismic wave received by the geophones. 
 
When a fluid-filled fracture, which intersects the borehole, is squeezed by compression 
from a seismic wave, a pressure pulse known as a tube wave is generated in the 
borehole.  The tube wave is detected by the geophones as the pressure pulse is 
propagated upward and downward in the borehole.  The size (amplitude) of tube waves 
generated by a permeable fracture depends on the hydraulic conductivity of the fracture, 
elastic properties of the rock, fluid properties, and borehole radius.  High permeability 
fractures yield large amplitude tube waves.   Tube wave amplitudes are generally much 
larger than those of compressional waves (see Figure 8.3-13). 
 
8.3-4.4.2 Applications 
 
A particular application of this technique is the detection of open, water-filled fractures 
that are intersected by a borehole (Levine and others, 1985).   Compressional, shear, 
and tube waves can be used to characterize the fractures in terms of depth, attitude, and 
hydraulic conductivity. 
 
When the formation and fluid properties are known, tube wave amplitudes can be used 
to determine the hydraulic conductivity (K) of a fracture.  The K value is determined 
through the comparison of compressional wave pressure amplitude to that of the tube 
wave as measured by the hydrophone positioned closest to the fracture depth.   The use 
of the nearest hydrophone removes the effects of the source as well as the recording 
system response. 
 
If desired, the lateral extent of the fracture can be delineated by moving the surface 
source away from the borehole and observing changes in the transmitted and reflected 
compressional and shear waves (see Figure 8.3-14).   Because the compressional and 
shear waves scatter, attenuate, reflect, and refract at a fracture zone, computer ray-
tracing methods can be used to image the geometry of the fracture.  Of particular note is 
the significant attenuation of shear wave energy through a fracture zone or other low 
velocity zone. 
 
8.3-4.4.3  Equipment 
 
A string of hydrophones or undamped geopbones are used in the borehole to detect the 
tube waves.  The hydrophone responses are transmitted to a surface recording unit.   
This surface unit should consist of digital recording instrumentation capable of timing in 
the range of tens of microseconds and with playback capability for later analyses. 
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The VSP technique generally uses conventional seismic sources (e.g., weight drop, 
explosives, Betsy seisgun) placed on the ground surface at appropriate locations or 
within nearby shallow borings. The energy source with the highest frequency content 
consistent with the attenuation characteristics of the earth materials at that location 
should be used. 
 
8.3-4.4.4  Field Procedures 
 
The following field procedures allow fracture characteristics, primarily depth, length, and 
orientation, to be determined. 
 
Surface energy sources are arranged in a radial pattern around the bole and placed at 
various distances from the borehole.  Receivers are placed within the uncased bedrock 
segment of the borehole.  Each source location is detonated individually, with data being 
stored digitally for each geophone for each shot.    After all seismic recordings are made, 
the sensor array may be raised or lowered in the borehole to span deeper or shallower 
unmonitored segments.  Sensor spacings are directly related to the degree of accuracy 
with which individual fractures or fracture zones need to be defined.  Wide sensor 
spacings (25 to 50 feet) are useful in identifying depths to zones of fractures; closer 
sensor spacings (5 to 10 feet) may identify individual fractures.   Additional data are 
recorded until the entire water-filled section of the borehole has been surveyed. 
 
The data are stored on magnetic tape or disk for further computer processing, such as 
amplitude, frequency and particle motion analysis.  A complete display of VSP data from 
the top to the bottom of a borehole can also be made using the stored data. 
 
8.3-4.4.5   Interpretation 
 
Tube waves indicative of permeable fracture zones are often readily apparent on the 
seismic recordings.  By using an appropriate X-Y data display (individual sensor 
seismograms with time along one axis and depth along the other axis), the depth at 
which the tube waves originate can be determined within a few feet if closely spaced 
sensors are employed.  The orientation of the fracture can be approximated by analysis 
of the tube-wave to compressional-wave amplitude ratio.  Geophone records from 
energy sources located at the same distance, but different angles, around the borehole 
are used for this analysis.  Because of the qualitative nature of the analysis, results are 
presented in terns of shallow-, moderately-, or steeply dipping fractures.  Analysis of the 
amplitude ratios will define the strike of steeply dipping fractures to within ±10 degrees, 
and that of moderately dipping fractures to within ±15 to 20 degrees.  The more data 
available from different azimuths, the better is the fracture orientation definition. 
 
The continuity and extent of fractures can best be determined if multiple boreholes are 
investigated.  If a fracture intersects two boreholes, the continuity of the fracture can be 
determined through computer modeling and imaging.    Borehole-to-borehole seismic 
methods can also be used to establish fracture continuity through the use of guided 
wave technology (i.e., energy generated in the vicinity of permeable fractures in one 
borehole and high-amplitude, high-frequency seismic waves recorded in an adjacent 
borehole). 
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The tube-wave amplitude is generally influenced by the hydraulic conductivity of the 
fracture.  Other factors such as the physical properties of the medium surrounding the 
borehole, the frequency of the seismic waves, the properties of the fluid filling the 
borehole, and the radius of the borehole may also affect the amplitude.  The amplitude 
ratio (tube-wave to P-wave) versus frequency is the key relationship used to establish 
the hydraulic conductivity of a fracture zone.  A set of curves can be generated showing 
amplitude ratio versus frequency for different hydraulic conductivity values.  A set of 
such curves is shown on Figure 8.3-15.  The determination of hydraulic conductivity 
values by the VSP technique has been verified through correlation with permeability test 
data. 
 
8.3-4.4-6  Advantages and Disadvantages 
 
Vertical seismic profiling yields clear and definitive results for identifying permeable 
fractures intersecting a borehole.   As numerous studies have shown, some fractures 
detected by other logging techniques, such as acoustic logging, borehole televiewer, 
electrical and caliper logging, are not permeable and are not fluid conductive. 
 
The VSP technique has been used in all types of rock with varying degrees of success.    
The greatest successes for fracture and hydraulic conductivity objectives have been 
achieved in igneous and competent metamorphic rocks, which appear to have rather 
distinctive faulting and fracturing zones.  Its use in sedimentary rocks and weathered 
metamorphic rocks, which may have extensive zones of permeable materials, has been 
less successful. 
 
VSP results away from the borehole are limited to the seismic-ray paths from the seismic 
source to the detectors.  This procedure may, or may not, be sufficient to determine the 
lateral extent of a fracture away from the borehole and provide control on the attitude of 
any permeable fractures identified. 
 
The VSP technique requires relatively sophisticated equipment when compared with 
many of the other borehole techniques.  It is also time-consuming and, thus, relatively 
expensive. 
 
8.3-5    GLOSSARY 
 
Active technique - A technique in which a stress is applied to the material under study 
and the resultant response is measured.  Stresses can include electrical current, sound 
waves, or neutron or gamma ray bombardment. 
 
Calibration - The process wherein the zero and sensitivity of the logging circuitry is set 
so that the recorded measurements will be accurate with reaped to industry-standard 
units of measurement for a specific log-type  (i.e., grams/cubic centimeter for rock 
density). 
Section 8.3 
Page 33 
November 1993 
 
Dead time - In radioactive logging, the length of time (usually measured in 
microseconds) required by a logging system to recover from counting one disintegration 
event in order to count (record) the next event.  Events occurring during dead time are 
not counted. 
 
Formal depth-registered log - A geophysical log recorded on graph paper or digitally in 
which accurate downhole depths are simultaneously and systematically registered 
opposite corresponding log responses, and detailed logging run information is recorded 
in a log header. 
 
Lithology - The physical character and composition of a rock, implying a specific rock or 
soil type. 
 
Measuring point - The point, on a probe, where the reading is taken (e.g., the tips of the 
caliper arms; the detector on a gamma-ray probe). 
 
Non-unique response - Response that is not unique to a specific rock characteristic.  As 
examples, several different rock types exhibit low gamma-ray counts; or water-filled 
fractures and clay layers both have low resistivity values. 
 
Passive techniques - A technique that measures properties inherent to the material.  
Examples include SP, gamma-ray, temperature. 
 
Probe - The downhole electronics and detecting/measuring apparatus of the logging 
system, usually encased in a stainless steel jacket. 
 
Radioactive decay - The transformation of an unstable isotope into an isotope of another 
element, resulting in a loss of energy and the emission of radiation (e.g., alpha or beta 
particles, neutrons and/or gamma rays). 
 
Reference elevation - The aboveground elevation, which is designated as a common 
point for referencing all measurements for correlative purposes  (commonly, ground 
surface or top of casing). 
 
Resolution (vertical) - The capability of a logging system to distinguish geophysical 
changes between closely spaced (thin) lithologic units. 
 
Rugosity - The degree of roughness or irregularity of the borehole wall, which affects 
some log types. 
 
Total depth (TD) - The deepest point in the boring as determined by accurate 
measurement, in this instance geophysical logs.  Discrepancies commonly occur 
between total drilling depth and total depth from geophysical logs, due to filling of the 
bottom of the borehole from caved material or to cable stretch (very deep holes only). 
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